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FORDOORD
This report covers work for the period 1975-1979, on chemical research and
development in formulating and testing fire sv9pression materials suitable for
the extinguishing of jet ei;gine nacelle fires. This program was undertaken
initially in 1975 with the support of Military Inter Agency Purchase Request FY
1455700511, and was continued in 1976, 1977, and 1978, with support from MIPR FY
14557600617.
Section I, Introduction to this Report, was authored by Dr. R. L. Altman,
the Sections II, III, and VI were authored by Professor A. Campbell Ling, Sec-
tion IV detailing the Preparation and Characterization of new synthetic systems
was authored by Professor Ludwig A. Mayer, Section, V on Dynamic Testing was
authored by D. J. Myronuk. The Report closes with Section VII "Recommendations
for Future Work" by Dr. R. L. Altman. The overall Report was edited and com-
piled by Professor A. C. Ling.
: effective system by comparison with the other materials tested.
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ABSTRACT
This document reports an experimental study of the effectiveness of dry
chemicals in extinguishing and delaying re-ignition of fires resulting from
hydrocarbon fuel leaking onto heated surfaces such as can occur in jet en-
gine nacelles.
The comaercial fire extinguishant dry chemicals tried were, for example,
sodium and potassium bicarbonate, carbonate, chloride, and carbamate (Mon-
nex) but we have also tested other metal-halogen and jTv/tal-hydroxycarbonate
compounds prepared in our own laboratories.
Given in this Report are: synthetic and preparative procedures for new
materials developed; a new concept of fire-control by dry chemical agents;
descriptions of experimental assemblages to test dry chemical fire ex-
tinquishant efficiencies in controlling fuel fires initiated by hot sur-
faces; comparative testing data for more than 25 chemical systems in a "static"
assemblage with no air flow across the heated surface, and similar comparative
data for nore than 10 compounds in a dynamic system with air flows up to 350
ft/sec.; and recanw.ndat ions for future work with one system that fuAills all
requirements delineated by the sponsoring agency, and which has been tested in
both the Static and Dynamic assemblages with both methodologies confirming it as
ti
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I. INTRDDUCTION
When aircraft environmental and operational temperatures increase, as
shown in Table 1, the fire hazard from the accidental release of combustible
fluids into engine nacelle* compartments following component failure is
greatly aggravated. In commercial aircraft with turbine propulsion, 57 such
fires occurred in the eighteen year period from 1956 to 1974 (Reference 1);
however, for military aircraft about 80 to 90 such non- combat fires occurred
annually in the USAF from 1965 to 1974 (References 2 and 3), of which about
half were identified as engine case burn-throughs. To reduce the damage to
aircraft due to fire, we have undertaken a program to increase the capabil-
ity for the suppression and control of those fires that come about from com-
bustible fluids leaking onto heated surfaces.
17he current technique for extinguishing such fires began with the injec-
tion of gas or liquid systems such as carbon dioxide, carbon tetrachloride,
methylene chloride and methyl bromide (References 4-6); later invest-
igations used bromochloromethane, chlorofluoromethane, dibronodifluoro-
methane, dibromotetrafluoLoethane, and bromotrifluoromethane (References
7-9). The CAA then initiated an investigation of airflow effects, extin-
guishant discharge rate and nacelle surface roughness upon successful
extinguishment (References 10-14), and development of the Statham analyzer
to determine the actual concentration of gaseous extinguishant in the
A nacelle consists of a pod which encloses the engine, and a pylon
which supports the pod if the nacelle ab.,iembly is underslung from
the lower surface of the wing.
I
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TABLE 1
	
	 ENVIPAMENTAL AND OPERATIONAL PARAME'T'ERS FOR AIRCRAFT
FIRE SUPPRESSION AND CONTROL
SURFACE BLEED AIR AMBIENT AIR
	
AIR FLOW	 STORAGE
TEMP	 TEMP	 TEMP	 VELOCITY	 TEMP
E N G I N E N A C E L L E E N V I R O N M E N T
815°C 705°C -550to 345°C 105 m/sec -550to 260°C
ADVANCED
1500°F 1300°F -650to 650°F 350 ft/sec X65 °to 500°F
650°C 595°C -550to 205°C 75 m/sec -550to 120°C
CURR^IT
1200°F 1100°F -65°to 400°F 250 ft/sec -65 0to 250°F
DRY BAY AREA ENVIRONMENT
ADVANCED	
290°C
	
650°C
	 •-55°to
 
260°C
	
45 n;/sec	 -550to 260°C
50 F
	
1200 F	 65 to 500 F
	
150 ftj sec.	 ^5 to 500 *Fe o	 ^ 0	 0	 0	 f / 	 _ 0	 0
(COMBAT DAMAGE)
120°C
	
540°C
	 -55 0to 120°C
	
45 m/sec	 -550to 120**
CURRENT
250°F	 1000°F	 -650to 250 °F 	150 ft/sec	 -65°to 250°F
( COMBAT DAMAGE)
SURFACE TEMPERATURE - MAXIMUM TURBINE ENGINE CASING TEMPERATURE OR SKIN
TEMPERATURE ANTICIPATED IN THE DRY BAY REGION OF ENGINE NACELLE.
BLEED AIR TEMPERATURE - MAXIMUM BLEED AIR TEMPERATURE IN THE ENGINE
COMPARIMNT OR STRUCTURAL TEMPERATURE IN THE DRY BAY REGION RESULTING FROM
COMBAT DAMAGE.
AMBIENT AIR TEMPERATURE - MAXIMUM AIR TEMPERATURE IN THE ENGINE NACELLE OR
COMPAFdMENT TEMPERATURE IN DRY BAY AS PER ORIGINAL DESIGN.
AIR FLAW VELOCITY - MAXIMUM AIR VELOCITY WITHIN ENGINE NACELLE OR IN DRY BAY
REGION RESULTING FROM COMBAT DAMAGE AS PER ORIGINAL DESIGN.
STORAGE TEMPERATURE - TF%PERATURE RANGE FOR STORAGE OF SUPPRESSANT MATERIALS
OIrSIDE THE ENGINE NACELLE REGION.
N.B. EPIGINE FAILURE, OR COMBAT DAMAGE, MAY LEAD TO STILL HIGHER TEMPER-
ATURES IN LOCALIZED REGIONS THAN THOSE QWrED ABOVE.
i>
3nacelle void space (References 15 and 16). More recent experimental work
on fires in engine nacelles, wing fuel tanks, and oil sumps is reported in
References 17-21, and a general discussion of the problems of designing
gaseous fire extinguishant systems to meet the requirements delineated in
Table 1 is given in Reference 22.
The maximum surface temperature and/or bleed air temperature listed in
Table 1 is great enough to induce hot surface ignition of fuel. Klueg and
Demaree (Reference 23) shovred that such ignition can occur when either Jet A
(JP-8) or Jet 8 (JP-4) fuel leaks onto a JT3D-1 turbofan engine case at a
0.3 gpm flow rate with an exhaust gas temperature exceeding 850°F, provided
that the secondary airflow was not greater than 0.2 lb/sec for Jet A fuel
and not greater than 0.1 lb/sec i'or Jet 8 fuel. These flow rates ap-
proximate an overall air/fuel (A/F) ratio of six or less. Sommers (Ref-
erence 24) also demonstrated that hot surface ignition occurred when Jet A-1
leaked onto a JT-12A-6 turbojet engine whose case temperature was ca.
1150°F. In this instance, the fuel flow rate was about 0.4 gpm and the air-
flow rate did not exceed 0.15 lb/sec, corresponding to an overall A/F (w/w)
ratio of about four. These large scale data support the laboratory scale
findings of Strasser et al. ( Reference 25) , who report that both JP-4 and
JP-8 will ignite on surfaces heated to 1050°F with a fuel flaw rate of 0.1
gpm and an airflow rate that produces an A/F (w/w) ratio of 1.3. It should
be noted that the minimum ignition temperature increases somewhat with
increased air velocity but decreases significantly when the heated surface
is increased in area, and is only slightly reduced by preheating the air.
Figure 1 w4s redrawn from the data of Reference 23, and substantiated by
similar date from References 10, 13, and 26, indicates that the amount of
gaseous fire extinguishant, say CF3Sr (Halon 1301), required to exting-
uish a 0.3 gpm fuel leak fire increases with increased airflow. These data
also indicate that, the longer a fire is permitted to burn prior to the
commencement of extinguishment action, the greater is the quantity of fire
extinguishant required to achieve fire control. In these particular tests
the fuel supply was not cut off during the extinguishment phase of the
experiment, as had been done in several earlier, studies (References 10, 13).
Me authors of Ref. 23 attribute this need for increased quantities of
extinguishant to changes in the airflow pattern (more turbulence?) brought
about by deformation of the nacelle wall with prolonged heating, and to
overheating of the nacelle walls caused prior to the commencement of the
extinguishment process, thus inducing hots surface re-ignition of the still
leaking fuel after initial extinguishment of the flame.
The authors of Reference 23 tested other gaseous extinguishants besides
CF3Br (Halon 1301)	 and	 they report that Halon 1301 was more effective
than CF2Br2 (Halon	 1202),	 which in	 turn	 was	 better	 than	 CF2ClBr
(Halon 1211) or CH2C1Br
	
(Halon 1011) and that so-called pyrotechnic de-
livery (References
	 26-28)	 was	 more effective	 than	 delivery	 by	 stored
nitrogen pressure. In an Earlier study, Reference 26 also rated Halon 1301
superior to C2F4Br2 (Halon 2402), and this in turn was rated be-
tter than Halon 1011. These authors also rated Halon 1301 as mere effective
1s^
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FIGURE 1	 FIRE ^CWFAOL OF TURBOFAN ENGINE NACELLES
Redrawn from the Data given in Reference 23
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23. E. P. Klueg and J. E. Demaree, "An Investigation of In-Flight Fire
Protection with a Turbofan Pawerplant Installation", FAA Report
NA-69-26(D6-68-26, (April 1969).
6than the dry peer fire extinguishants, sodium bicarbonate, and ammonium
dihydrogen phosphate, one of the earliest references to dry powder chemical
fire extinguishants for nacelle fire control. in mother early reference to
the use if dry powder fire extinguishants (Reference 4), C'C1 4 (Halos
1040) was also found superior to sodium L carbonate powder and to a water
solution of potassium carbonate.
In designing Halon based fire extinguishers for installation in military
aircraft, military specifications MIL E 5352 and MIL F 22285 suggest a de-
sign used on the relationship:
We = AWa + BV
	
(1)
where We is the weight of gaseous fire extinguishant required, W a is
the airflow rate, and V is the net volume of the fire zone, and A and B are
constants depending on the mass and f1cre units (Reference 29). A similar
equation of this samme form has been derived by the authors c, Reference 30,
and is discussed in Reference 22, this equation is
We
 = (PCMe)/(RT)•( (Wat/pa ) + V l
	
(2)
in which e
,
 a, and V, are as in Equation (1), P is the total
static pressure, C is thka volume percent of extinguishant required for fire
control, Me is the molecular weight of the extinguishant, R is the gas
constant, T is the absolute teffperature, t is the extinguishant delivery
7time, and pa is the ambient air density in the fire zone. The density
of air can be expressed by the ideal gas equation relationship in the form
Pa - (PAMa ) / (Rr)	 f 1
where Pa is the partial pressure of air, and Ma is the molecular weight
of air. Since C is the voluma percent of extinguishant required to control
the fire, then the martial pressure of air can be written in the form:
Pa	 ;'100 - C)P	 (4)
and using this, Equation 2 can be written in the forms
we 3 C/ (C-100) . (Me/'Ma) . (Wat f Pav)	 (5)
Assuming that the nedel used to derive Equation 2 is valid*, Equation 5 sug-
gests that the value of the terns
C/(C - 100 ).(Me/ma)	 (6)
may yield a figure of merit for gaseous fire extinguishant effectiveness in
pzeventing re-ignition after successful extinguishment, if the flammability
peak concentration is used for the value of C in Equation (6), since no fire
can exist at concentrations of extinguishant greater than the flammability
peak concentration.
* See Reference 31 for discussion of British vs. U.S. extinguishant
weight requirements for both military and civilian aircraft.
{
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Data calculated from Equation 6 suggest. that Halon 1301 should be about
equal to Halon 1202, and should be airr,ificantly better than Halon 1211 in
delaying hot surface re-ignition. Similarly, Halon 1202 should be more
effective than Halon 2402. Unfortunately, this single picture does not seem
to be supported by experimental facts such as those from the static airflav
pan fire test data of Fiala (Reference 33a). This author used a hot surface
re-ignition source in the form of one sidewall of a test pan, which was
heated by an extern-il flame to 1000°C, and demonstrated that Halons 1301 and
1.211 were about equally effective in delaying re-ignition, and that Halons
1202 and 2402 were also approxijmtely equal in effectiveness. Mare;
significantly, this author demonstrated that the latter pair were markedly
butter than the first pair in delaying re-ignition. H passible explanation
for this may lie in the physical properties of each system at the ambient
conditions prevailing. The experimental effectiveness of Halon 1211
relative to Halon 1301 is greater than that predicted by Equation 6,
possibly because Halon 1211 is discharged as a liquid, while Halon 1301 is
discharged as a gas. Likewise, the greater than predicted effectiveness of
Halon 2402 relative, to Halon 1202 may be attributed to its lower volatility.
In this respect, it is instructive to consider this aspect of volatility
further with reference to the current fire control system fitted to the
F-111 aircraft.
. y.
9The extinguishant in current use with the F-111 engine nacelle fire Qon
trol system is based on Halon 1202, and driven by compressed nitrogen
gas. The higher boiling temperature of Halon 2402 presumably means that
this ETalon will have a lower extinguishant vapor pressure at 260°C (500°F),
the maximum quoted temperature for storage of the fire control system; and
when the N2 driver gas is included also,	 there will be a significantly
lower total pressure in the system as a whole when compared to the Halon
1202 based system used for the F-111. According to McClure and Springer
(Reference 22) the F-111 engine nacelle fire control system contains 5.8 Kg
of Halon 1202 charged initially with N 2 to 42 atmospheres pressure at
20°C in a tank volume of approximately 6.3 liters.
Calculating the exact system pressure for a Halon based fire control
systems depends to a large extent on the availability of experimental values
for the vapor pressure of such Halons, and values of the pressures reom -
mended for the driver gases. The following data provide us with an es-
timate of these rarameters. Gerstein and Allen (Reference 30) have es-
timated the vapor pressures of Halons 1202, 1211, and 1301, and the total
system pressure for these systems, at 260°C via a calculation based on the
known total system pressure at 20 0C of 27 atmospheres, and they showed that
P1301 > P1211 > P1202
for both the vapor pressure and the resulting total system pressure at 2600C
IM
for each system, but they do not give a corresponding pressure estimate for
10
Halon 2402. DeRouville and Hebenstreit (Reference 27), have measured this
latter quantity * yielding data that showed a total system pressure of 102
atimspheres at 260*C when approximately 1.8 moles of Halon 2402 had been
loaded into a container of 0.3 litres total volume, and sufficient air added
to bring the total system pressure up to I atmosphere at 20°C. On repeating
this experiiient using the same ntuyt)er of males of Halon 1301, they measured
a total pressure of 197 atmosphe ,,es at 260°C. They also reported that the
Halon 2402 total pressure increased by no more than 4 atmospheres after 10
weeks storage at 260°C.
The total system operating pressure for Halon 1301 at the maximum ex-
pectW storage toniterature of 2t 0°C is unacceptably high. It is therefore
of interest at this point to detenuine whether use of Halons 1202 or 2402
might usefully reduce this total operating pressure for the F-111 fire con-
trol systoin, since both of these independent sets of data indicate that
Halon 1202 and Halon 2402 have lower total pressures at 260 00 (500 0F) than
does Halon 1301.	 In order to calculate this, we assume that non-ideal gas
behavior can be expected for all of the Halons, as well as for the N2
driver gas, since relative to other gases and low boiling liquids, the
Halons have relatively high critical temperatures. Equally, at the prevail-
ing teiij)eratures, the pressures of the nitvogen driver gas is commensurate
with its own critical pressure. We will further assume that van der Waals'
equation of state
(P + n 2a/V2 )(V - nb) = n"	 (7)
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will provide a reasonable estimate of non-ideal behavioural characteristics
for these systems, and we will use this equation to calculate the final sys-
tem pressure for these two Halons (Reference 34). The advantage of the van
der Waals' equation is that the parameters "a" and "b" can be calculated
with sufficient accuracy from the critical parameters of the gaseous fluid,
and do not need to be found by an experimental fit. In Equation 7, the
values of a, b # and R, are derived from the critical parameters, V C*
Pc ,  and T c , by the relations,
b = VC/3	 (8)
a = 27b 2 /PC 	 (9)
R = 8a/27bT C	 (10)
z	 where the parameters n o P, and To are the number of moles of the gaseous
fluid at a pressure P and absolute temperature T.
The parameters of interest pertaining to the F-111 fire control system
are: the total voRme of the holding container, 6.3 litres; the estimated
maximum storage temperature, 260 0C (500 0F); initial mass of Halon loaded at
the ambient temperature, 5.8 Kg at 20°C of Halon 2402; and the initial
total system pressure caused by charging the system with nitrogen driver gas
at ambient temperature, 42 atmospheres at 20°C. Since the vapor pressure of
Halon 2402 is only 0.5 atmospheres at 20°C (293 0K), and the liquid density
is 2.16 gm/cc, that part of the total pressure due to N 2 is approximate-
ly 41.5 atmospheres; therefore, the 5.8 Kg of Halon 2402 has a liquid volume
12
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of ca.	 2.7	 liters. Hence, assuming that N2
 gas is insoluble in liquid
2402, the nitrogen gas is contained in the remaining 3.6 liters. Now using
the van der Waals' equation (Equation 7), we can calculate the number of
roles of nitrogen gas present from the given temperature, pressure, and
volume. This	 yields
	
an answer for r>N
2
(number of roles of nitrogen
gas) of approximately 8.2 moles. Since the maximum estimated storage tem-
perature of 260°C is above the critical temperature for Halon 2402, gaseous
nitrogen will now share the entire volume along with the totally gaseous
Halon 2402. Its contribution to the total system pressure is now estimated
by repeating the calculation just illustrated, tut using a volume of 6.3
liters and temperature of 500°K for 8.2 moles of N2 and for 22.3 moles
of 2402 (equivalent to the 5.8 Kg loaded originally). The result of these
calculations is that the N2 driver gas will exhibit a pressure of ca. 45
atmospheres at 260°C, and the pressure contribution from the Halon 2402 is
an additional 50 atmospheres; thus the total system pressure will be 95
atmospheres (1400 psig). Similar calculations have been carried out for the
other Halons.
Although the calculated total pressures at the maximum estimated storage
temperature of 500°F for these Halon based systems are high, Graviner (Ref-
erence 37) nevertheless chose Halon 1211 for the new Concorde engine nacel-
le extinguishant. This is partly mitigated by the fact that the estimated
in-flight skin temperature of this aircraft lies in the range -20 0 to 100°C,
and only at the last engine compression stage does the temperature rise to
ca. 580°C (1075°F). Graviner has proposed to circumvent the major defect of
gaseous fire control systems, which involves the markedly reduced ex-
tinguishant weight effectiveness due to increased airspeed in the nacelle,
by shutting a pair of flans upstream of the compressor to physically reduce
the nacelle airflow to the minimum leakage rate, 9 lb/sec, before beginning
to discharge the cylinder containing 16 pounds of Halon 1211. This is es-
timated to provide a minimum Halon concentration of 10.5 ra by volume within
2 seconds after discharge begins, and to maintain this concentration for the
next 2 seconds (Reference 31).
Dearing in mind the disparities exhibited between calculated values and
experimental data obtained by Fiala (Reference 33a) for the apparent effect-
iveness of various systems, we believe that further development of a gaseous
fluid based fire control system for advanced jet engine nacelles is not a
promising proposition, and that further development of other halogen based
liquid or gaseous systems is probably inadvisable. Although the reduced
weight effectiveness of fluid based systems under conditions of high air
flow can be mechanically circumvented to some extent (for example, the
method proposed by Graviner for the Concorde), this facet of the overall
Problem merely adds emphasis to the statement above.
If fluid (gas or liquid) based systems will not provide the needed
characteristics, then solid systems should be investigated further. There
are many reports in the research and development literature concerning the
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negative catalytic effects and general inhibition of gas phase phenomena by
solid surfaces. For example, the minimum pressure and temperature required
for the thermal detonation of a hydrogen-oxygen mixture, or for the ignition
of a hydrocarbon-air mixture, is significantly increased when the inner
walls of the container are coated with a salt layer such as KC1 or CsCl (Re-
ferences 38-41). Since such salts are also known to be effective as fire
extinguishants (References 42-43), one of our objectives is to develop fire
extinguishant materials that will adhere to the walls of a jet engine nacel-
le, and thus help to nullify this high air-flow effect which negates the
fire control mechanism of gaseous systems. Further, a second objective
will be to develop a solid based fire control system that will not only ex-
tinguish the fire, BUT 4d-1'ICH WILL PREVENT RE-IGNITION OF THE FIRE EVEN
THOUM THE OONDITIONS THAT PRODUCED THE FIRE INITIALLY ARE STILL OBTAINING.
The principal aspect here is, that even if jet fuel (JP-4) is still leaking
onto a hot surface, and thus providing a potentially flammable situation
throughout the delay period, the solid extinguishant adhering to the surface
should provide a sufficiently high inhibitory effect so as to prevent re-
ignition. It is hoped that a system, or systems, can be developed that
will provide a minimum of 5 minutes delay in the re-ignition time under the
conditions prevailing, or expected to prevail, in advanced jet engine nacel-
les (these conditions are summarized in Table 1). Our experimental approach
will involve the development of a laboratory scale test facility to simulate
the fuel ignition and flame propagation characteristics of jet engine nacel-
le fires under both static and moderate airflows.
is
rl. STATDWM OF FXPERIMD?rAL PROBLEM
The primary objective of this research was to find a suitable system, or
systems, that will control ignition initiated by fuel leakage onto a hot
surface under conditions pertinent to those that obtain, or will obtain, in
the engine nacelles of advanced civil/military aircraft. In particular, the
system shall extinguish a fire generated by JP-4 fuel contacting hot sur-
faces at temperatures up to 815°C, and keep this fire from re-igniting for a
minimum of 300 seconds even though JP-4 fuel continues t!^ contact the hot
surface at this temperature. Further, since the extinguishment system will
be subject to storage prior to use, the system has to be stable to gain
and/or loss in weight due to water. absorption (hygroscopic and efflorescent
pro[vrties) and chemical/physical decomposition (weight loss, vapor pressure
increases, or gas evolution) over a temperature range from -55°C to 260°C.
In general, weight losses and associated changes shall not exceed 5% Ly
weight.	 A final criterion involves perfoLmance under high air-flow
velocities (up to 350 ft/sec) as would be present through an engine nacelle
of an aircraft in flight (see Table 1). As described in the Introduction,
fluid systems (CO2 or Halon based), are deemed to be inadequate, and a
prima-facie assessment indicates that solid dry cheiTtical system may provide
viable alternatives.
In terms of a search for materials that will fulfill  these requirements,
two criteria are important; will the system extinguish a fire generated by
JP-4 fuel contacting a hot surface maintained at temperatures in excess of
800 0 C. and/or will the system prevent re-ignition for long time periods
r	
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even though the fuel continues to contact the hot surface. From intuitive
aspscts, it is possible that a component which accomplishes the first task
well, may not necessarily accomplish the second task in an equally satisfac-
tory manner. Thus, it is probable that a multi-coq onent system approach to
the overall objective should be adopted.
In view of the number of parameters that are expected to contribute to,
and interfere with, fire control, it was decided that a small carefully con-
trolled testing assemblage should be designed, built, and refined, which
would allow a pre-screening of suitable candidate systems. Those systems
that performed well under static laboratory test conditions would then be
tested in a larger dynamic simulator, under conditions that would involve
exposure to high air-flow velocities as well. Pre-screening laboratory
testing was done via a so-called static assemblage (no air-flow velocities
for the majority of testing, and a maximum of ca. 10 f t/sec air-flow only as
an accessible laboratoryratory parameter). Dynamic testing of suitable materials
was undertaken in conjunction with a separate experimental assemblage under
the auspices of Dr. D. Myronuk of San Jose State University (details are
presented in this Report).
In order to find a suitable answer to the stated problem, several ex-
perimental problems had to be solved, and one assumption taken; namely, that
the measured re-ignition delay time is a characteristic parameter of the
system, and that measurement of this parameter will provide self-cons.stent
u y
v.
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and meaningful data concerning the systems tested.
	 Based on this as-
sumption, the following experimental questions arise:,
1. Can a suitable laboratory testing assemblage be developed that will
allow us to determine which experimental parameters contribute to the ob-
served re-ignition delay time, their relative importance to this process,
and whether these contributing variables can be adequately controlled?
2. Assuming that the contributory variables can be adequately control-
led, can meaningful self-consistent data he obtained for these re-ignition
delays, and are the re-ignition delays a meaningful characteristic parameter
of the systems under test? *
3. Using the knowledge gained from 1 and 2 above, can the nature of the
species, and the mechanism controlling re-ignition, be identified? In
particular, can inherent fire control characteristics be predicted and these
facts used to design a new system that will provide better performance than
has presently been observed?
4. Can the system predicted in 3 above be modified and/or tailored so
as to produce both initial extinguishment and subsequent long term control
of the re-ignition process?
* An obvious alternate criterion of effectiveness is the mass of
a particular extinguishant system that will extinguish a pre-
set and pre-calibrated fire; the smaller the quantity needed
the "better" the system. We have not attempted to use this
criterion for the static testing studies, but it does form
part of the approach used for the dynamicsimulator studies.
E
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5. Will the systems developed that satisfy 4 above satisfy the perform-
ance criteria delineated by the sponsoring Agency, and if not, can they be
made to do so by chemical and/or physical modifications?
6. Can the ne+ materials developed in 4 be suitably characterized so as
to allow larger scale production and testing in the dynamic simulator, and
.hence to full scale testing in real situations?
Experimental methodologies have been developed that attempt to answer
these six phases of the investigation, and adequate solutions to the major-
ity of these problems have been formulated. These experimental data are de-
scribed in the next section.
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III. i.Y.PERIMEMI'AL PROCEDURES - STATIC TESTING PHASE
The overall experimental program can be sub-divided into two major
aspects: Firstly, testing of materials in the static assemblage under con-
ditions of minimal air-flaw, together with subsequent syntheses and charac-
terization of new materials. Secondly, testing of the materials found to be
most effective from static testing criteria in a larger dynamic facility
which allows evaluation under conditions of high wind velocities such as
those that would obtain during in-flight engine nacelle fires.
LABORATORY SCALE STATIC TESTING ASSEMBLAGE: In relating fire control effec-
tiveness to the relative magnitudes of the re-ignition delays induced by
various dry chemical systems in Flammable situations, it became necessary to
develop a testing assemblage. Accordingly, the simple open pan fire concept
was used as an initial development point, and a representation of the first
such asseub age is shown in Figure 2. It was iruTediately obvious from pre-
liminary experiments that precise self-consistent data accumulation could
not be managed with this simple approach. An extensive and systematic in-
vestigation of possible contributing parameters that served to destroy pre-
cision and repeatability was undertaken, and culminated in the design shown
diagrammatically in Figures 3, and photographically in Figures 4 through 8.
This complete assemblage was mounted in a fume hood, to prevent dangerous
accumulations of JP-4 fuel vapor. The final refinement of dimensions and
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FIGURE 3: SCHEMATIC REPRESENTATICN OF THE STATIC TESTING ASSEMBLAGE
IN ITS FINAL, FORM,
FIGURE 4:
	 THE INTERIOR OF THE CAVITY SHOWING THE TRIO METAL-BRAID SHEATHED
QiRQMEL-ALUMEL THERMOOCUPLES SPOT WELDED
TO THE HEATED PLATE SURFACE
The fuel feed needle can be seen in the center of the photograph, supported
rigidly at the end to prevent movement under pressure from the fuel feed
pump. The gas inlet tubes (copper in this photograph, but usually oon-
strurted from stainless steel) can be seen along the edges of the cavity,
with the gas diffuser gauze appearing under the gas deflector plates. The
ends of the cavity are sealed with a soft fireproof insulating material.
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FIGURE 5: THE BRICK ENCLLISURE AROUND THE HEATED PLATE
The enclosure is mounted in a fume  hood, together with a timing clock, fuel
pump, and fuel reservoir on the extreme right of the picture. The front of
the cavity is closed with a transparent plastic shield, allowing observation
of the flame processes. In this photograph, the fuel has just been turned
on, and the flame ignited. The gas feed tubes to the cavity can be seen at
the extreme left and right hand sides of the brick enclosure.
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FIGURE 6:	 DISCHARGE OF THE DRY CHEMICAL AND CONSEQUENT
FLAN EXTINGUISHMENT
In this ptx^tcgraph e
 the dry chemical extinguishant has just been discharged
(ccrnercia,ily supplied potassium bicarbonate in this particular experiment)
and the flame extinguished. The chart recorder used to monitor the temp-
erature of the plate from the chromel-alumel thermocouples can be seen on
} h° I°F * ^f *he fume hoo-a.
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FIGURE 7:	 THE INTERIOR OF THE CAVITY AFTER DISMARGE OF THE DRY CHEMICAL
AND AFTER THE FLAME HAS RE—IGNITED
The splash pattern of the fuel stream contacting the heated plate surface
can be clearly seen in the center of the plate. This scouring action to
cleanse the heated surface is partly due to the momentum of the fuel, and
partly to the vigorous boiling action as the volatile fuel contacts the hot
surface.
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FIGURE 8: THE CAVITY AT THE rMNT OF RE-IGNITION
This photograph illustrates the re-ignition process; the JP-4 fuel vapor
has ignited throughout the whole of the cavity, and flames can be se-n ex-
iting from the vent in the rear of the cavity. The vivid purple color is
from potassium ions from the KH003 powder used to extinguish the flame
As experiment.
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ancillary equipment yielded a usable assemblage by 7/23/76. The final
dimensions of the cavity were 15 x 40 x 12 cm, with a 8 x 15 cm vent at the
j
top rear of the cavity, and a total volume of ca. 6 litres.
As it measure of satisfactory performance, the only criterion adopted was
a quantitative measure of precision. We chose to use the standard deviation
(SD) of a data set calculated from
i=N
2	 (Xi - X)2
(SD) 
(N -» 1)
where N is the number of data points in the	 set. 'Typical values for the
standard deviation as a function of the mean X were systematically reduced
from values in excess of 5008 to final values that were routinely less than
33%, and often as little as 108. Data points that lay outside the values
corresponding to "the mean + twice the standard deviation of the mean" were
discarded, and a new standard deviation was, computed. This degree of pre-
cision was deemed sufficient for the purposes of this investigation.
CONTRIHUMRY VARIABLES:	 In the course of developing the final successful
static testing assemblage, it was found that the --:_- s1on achieved in the
measurement of re- ignition delay times was influenced strongly by several
proceeded, gravity feed droplet delivery of the fuel to the plate proved
a
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variables. One major cause of erratic behaviour, i.e. lack of repeatabil-
ity of measured re-ignition delay times when apparently all parameters of
the system were identical, was related to random air currents across the
heated surface. In.this respect, it soon became apparent that the assembl-
age should be as tightly sealed as possible. In vier of the re-ignition
process, and particularly when oxygen was used to provide a higher partial
pressure of oxidant than that available from air combustion (when quite
severe c)ncussive re-ignition was often the rule), a standard vented
enclosure was designed. To seal the enclosure against occasional leaks,
especially close to the plate surface, a combination of rigid fire-proof
board ("Tran,ite,&" materials) and a soft fire proof woven sheet ("Fiber-
fraxd", available commercially) were used to ensure a leak proof cavity.
A second set of problems was identified as involving delivery of fuel
to the heated plate surface. Firstly, the rate of fuel delivery had to be
standardized; secondly, the degree of atomization of the fuel stream sup-
plied to the plate had to be standardized; thirdly, the point of initial
contact of the fuel stream with the concave heated plate surface had to be
standardized. This third factor was attributed to a potential scouring ac-
tion by the fuel stream travelling tangentially across the heated surface;
and particularly for oxygen rich atmospheres, local concentrations of fuel
could build up in oxygen rich areas of the cavity, leading to irreproducible
data.	 Use of oxygen diffuser plates, and deflector plates, as shown in
Figures 3 through 8, helped to alleviate these problems. As development
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inadequate, and all of these latter facets were found to be controllable by
utilizing a constant volume delivery pump to deliver a metered amount of
JP-4 fuel, and a long (30 cm) capillary needle (0.2 mm i.d.) to deliver the
fuel reproducibly close to the plate surface (end of needle was ca. S cm
from plate surface).
	
It was found best to deliver the fuel to the center
of the plate, such that the stream of JP-4 struck the surface of the heated
plate normally (i.e. at an angle of 90° to the surface). Although a slight
degree of "splashing" did occur, producing a small shower of ancillary drop-
lets, provided that the momentum of the fuel stream was not too high, this
did not create a problem. Further, as shown in Figure 3, the needle was
rmunted concentrically through the center of the cone that delivered the dry
chemical agent to the plate surface. Thus, both dry chemical extinguishant
and JP-4 fuel were delivered to the same point on the plate initially.
Apart from these variables, other major parameters of the system expec-
ted to contribute to the observed re-ignition delay from intuitive ideas
would include the following:
(a) Rate of fuel delivery to the heated surface
(b) Partial pressure of the oxygen above the heated surface
(c) Mass of extinguishant delivered to the plate surface, together with
the associated surface density of the extinguishant over the plate
(d) Particle size of the extinguishant powder and/or bulk density of
the dry chemical extinguishant
(e) Temperature of the heated surface
Several other variables were identified as the investigation progressed, and
these will be dealt with systematically in the following sub-sections.
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TEMMRAWU FEASURDIENPS : Since the tenlierature of the heated plate sur-
face was one of the major independent variables, accurate values for this
parameter were essential, and a knowledge of prevailing temperatures adja-
cent to tree actual surface are also needed. Initial measurements were made
using a metal braided chrcmel/alumel thermocouple held in contact with the
surface. A representative profile of the ter-peratures along the center line
of the concave plate surface and vertically above the center of the plate
are shown in Figures 9 and 10, respectively. Since the temperature was seen
to change so abruptly just off of the heated surface, it was decided that
only by directly welding a thenrracouple to the plate surface could accurate
temperature information be obtained. To obviate thermocouple failure, two
chroriel/alumel thetToccuples were spot--welded to the center of the plate,
with each thermocouple junction approximately 1" (apart (see Figure 4). The
thermmcouples were read via a 10" strip chart recorder, and the strip-chart
trace was calibrated directly using a Leeds and Northrup special Chro-
mel/Alumel Thermocouple Potentiometer. Calibration data were taken each
morning prior to use, over a range of temperatures from 50 0C below the
minimum to be used, to 50°C above the maximur.a to be used, at 50°C increments
throughout the range covered (usually, 375° to 700°C, or 500° to 900°C).
Severe corrosion of the chromel-alumel thermocouples was noted for all dry
chemical reagents at the higher temperatures, and for caustic reagents at
all tempe at-ures.
r
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FIGURE 9: TDIPERA1 WE PROFILE ALONG CENTER-LIME OF HEATED PLATE SURFACE
The points marked 'A' show the edges of the electrical heating element under
the stainless steel plate; 'B' indicates the two chromel/alumel thermo-
couples spot welded to the plate surface; 'C' indicates the walls of the
canbustion cavity.
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FIGURE 10:	 TEMPERATURE PROFILE VERTICALLY ABOVE THE CENTER OF
THE HEATED PLATE SURFACE
A small moveable chromel/alumel thermocouple junction was used to chart this
temperature profile vertically above the center of the heated plate surface.
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EXPERIMENTAL TEC:HNIQM: Several experimental techniques were tried, but
eventually one was selected over the others and retained for all comparative
testing. It was soon noticed that repeatability suffered adversely if the
heated surface was not cleaned thoroughly between experiments. This was
most apparent for oompounds that formed a "crust" over the plate surface, or
reacted with (or appeared to react with) the metal surface. Therefore, be-
tween successive experiments, the excess dry chemical from previous run
was removed using a vacuum cleaner, the plate was sprayed liberally with
distilled water in order to dislodge all particles adhering to the heated
surface and/or to dissolve soluble deposits, and while the plate was still
drenched with water and before the water could evaporate from the hot surf-
ace, the plate was vacuum cleaned again. The front cover to the cavity was
replaced, and the plate allowed to reach a steady pre-selected temperature
ready for the next experiment, with the oxidant flow (either pure oxygen, or
air, or pre-selected mixtures of oxygen and nitrogen) adjusted to (usually)
2 standard litres per minute of gas flow (SLPM). The normal experimental
procedure was then as follows:
1: A known mass of extinguishant powder was loaded into the reservoir
of the discharge funnel, taking care not to dislodge any powder onto the
clean plate surface. When a spillage occurred, the plate was re-cleaned as
above and left to temperature equilibrate.
2: The fuel pump was turned-on at a pre-selected flow rate.
3: The fuel would now normally ignite within 1-3 seconds depending on
the plate temperature. At the moment that ignition occurred, the dry chemi.-
'j	 {
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cal extinguishant was discharged (via a 10 psig compressed air line, later
replaced with a compressed conq^ nitrogen discharge line) so as to extinguish the
flame. If the flame did not extinguish, this run was terminated at this
paint.
4: If the flame did extinguish the fuel pump was allowed to continue
pumping fuel onto the heated surfaces the time between the moment of ex-
tinguishment and subsequent re-ignition was then measured and noted. If no
re-ignition occurred within (usually) 1,000 seconds, then the run was ter-
minated by switching off the fuel pump.
The overall technique described by steps 1 through 4 above was used for
all comparative testing (data described below), and provided a precision for
a data-set containing up to 12 points corresponding to a standard deviation
of less than 30% of the mean for the set, and often as small as 10% of the
mean. When data points lay outside the range of the mean by more than two
standard deviations, then these points were discarded (essentially
Chauvenet's Criterion), and the mean was recomputed.
	
This process was not
repeated a second time for any one data set.
Other alternative experirental techniques were tried, primarily invol-
ving changes in steps 3 and 4; these consisted of the following variations:
[	 5: In Step 3 above, after ignition, the flame was allowed to burn con-
tinuously until the temperature measured from the thermocouple welded , to the
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plate eventually stabilized. This temperature was always higher (40 - 180*0
than the initial temperature set for the plate, due to the exothermic
canbustion process itself, and reduced radiative and convective heat losses
from the plate by shielding from the flame process. The extinguishant was
now discharged, and the re-ignition delay measured as before.
6:	 Another variation involved Step 3 above; the fuel flow having been
initiated, the extinguishant was discharged immediately, AND PRIOR 70 IG-
NITION OF `IHE FLAME, and the time to ignition now measured. Where flame
production was very rapid (high temperatures), then the extinguishant was
discharged and imcediately following this (virtually simultaneously) the
fuel flow was turned on, and the time to ignition measured.
All methods gave qualitatively similar results; the final variation de-
scribed in 6 above was rejected since it did not allow experimental
verification of the extinguishant power of a chemical, merely the long term
ability to control a flame once it was extinguished.
'Ihe
	 quantitatively,method described in 5 gave qualitatively, and 
similar data to the method adopted (Steps 1 through 4, inclusive), but suf-
fered one drawback, lack of knowledge concerning a precise value for the
initiating temperature of the plate surface. Although the temperature of
the plate did stabilize (+ 5 0C), there was no prior knowledge of this value,
and temperature was no longer a truly independent variable under these con-
ditions.
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Typical temperature traces from the thermocouple output using the ex-
	 I
t	
perimental procedure outlined above are shown in Figures 11 and 12; where
t Figure 11 delineates the trace seen from the experimental procedure adopted
(Steps 1 through 4, above), and Figure 12 the trace from the alternate
method described in Step 5 above (flame -on
 
temperature equilibration).
Typical data collected by this experimental method are shown in Table 2.
FUEL POLYMERIZATION PROBLEMS: JP-4 fuel is well known for polymerizing in a
static storage system, and problems were experienced involving deposition of
an insoluble "waxy" solid inside the needle. This was particularly preva-
lent when the assemblage was infrequently used. It was therefore customary
to turn on the fuel pump (at the maximum flow rate) for long periods (30-60
minutes) prior to the first experimental run of the day. This helped to
clear any possible blockage in the needle, and also allowed calibration of
the fuel flow rate directly by actual measurements of volume collected over
a relatively long time period.
FUEL ATOMIZATION TECHNIOMS: One final experimental modification tried was
the incorporation of an electrically driven "vibrator" attached to the fuel
supply needle. The rationale for this approach was that fuel-jet atomizat-
ion might reduce effects attributed to fuel-jet momentum (scouring action,
and splashing). This was un-successful.; leading to an increased observed
standard deviation for a data-set to the point where the collected data were
inadequate for our purpose.
j
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FIGURE 11: WAPERATURE PROFILE, AS A FUNCTION OF TIME FOR THE EXPERIME 4TAL
METHOD ADOPTED FOR THE COMPARATIVE TESTING OF EXTINGUISHANTS
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FIGURE 12: TEMPERATURE PROFILE AS A FUI^:TION OF TIME FOR THE ALTERNATE
EXPERIMENTAL TECHNIQUE DESCRIBED IN THE TEXT WHICH INVOLVES
A "FLAME-ON" EQUILIBRIUM TEMPERATURE.
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TABLE 2:	 TYPICAL EXFERIMEt'rAL RE-IGNITION DELAY DATA
Re-ignition delays for Potassium Dawsonite;
Bulk density 0.8 g/ml;
200 ml/hour of JP-4 jet fuel;
10 g shots of extinguishant;
2 SLPM air input to cavi !'f plate surface;
Delay times measured in seconds, tenperature in °C.
N.B. calculated SD values and means are rounded values;
values with no rounding.
%SD reflect true
TEMPERATURE RE-IGNITION DELAY TIMES (seconds)
(°C) 01	 02	 #3 #4	 05 #6	 #7	 Mean + SD ( %SD)	 Data
675 269 384 436 282 302
700 231 162 147 142 90	 145
725 117 178 123 96 72
750 30 29 56 46 37	 71	 117
74 126* 34 59 72
775 31 29 26 31
800 22 224 20
825 18 19 17 20
900 7 8 9 6 8
335 + 72 (22%) 5
153 + 46 (308) 6
117 + 39 (34%) 5
63 + 32 (51%) for 12
63 + 27 (43%) for 11
29 + 2( 8%) 4
22 + 2 (	 68) 4
19 + 2 (	 5%) 4
8 + 1 (16%) 5
* Exceeds +2 x SD for this data set.
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LOADING DENSITY OF EXTINGUISHANT APPLIM TO THE PLATE SURFACE: Since all of
the extinguishant is discharged (compressed gas ejection) in one action, the
surface density of extinguishant applied to the plate varies from point to
point. Surface density distributions were determined via a set of con-
centric circular containers with dieters of 2.6, 5.2, and 10.0 cans these
were weighed before and after discharge, and the mass collected as a func-
tion of distributive area over the plate was determined. The center of the
concentric set of collection containers was vertically beneath the center of
the extinguishant delivery cone, which itself was approximately 25 cm above
the collector surface. 113ta obtained are shown in Table 3. These data
indicate that distributions over the plate surface are relatively uniform,
and vary both with bulk density and particle size distributions.
It is not clear why the higher bulk density material (commercially sup-
plied potassium bicarbonate) produces an overall lower surface density of
Powder oonpared to potassium dawsonite. However, since the apparent surface
density measured for this commercial material is less at the center of the
plate when cceipared to the edges, it is apparent that the powder leaving the
discharge funnel disperses more quickly. The higher edge densities probably
reflect the fact that the powder has hit the side walls of the cavity and is
being collected by the outer concentric vessel following rebound from the
cavity walls, thus increasing the observed surface density. Our synthesized
material, potassium dawsonite, has not been treated in any extensive manner
to either increase bulk density, or to maximize flow characteristics, and
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TABLE 3
	 SURFACE DENSITIES OF DRY CHEMICAL EXTINGUISHANTP
APPLIED Ta THE HEATED PLATE
DRY CHEMICAL
DELIVERY CONE
I	 PURPLE;-0*	 POTASSIUM DAWSONITE**
100% P325	 sieved, 100% P325 unsieved,45% P325
35 an	 SHOT SIZE APPLIED TD IHE HEATED PLATE SURF?:CE
10 g	 15 g	 10 g	 15 g	 10 g	 15 g
I	 Surface densities measured in mg/cm^
V
1<----5.2--->1
14+6
	 37+6	 -	 54+30	 85+20 156+20
26+5	 47+5
	
53+16	 85+1.0 128+10
1<------10.0cm-- ->i	 31+5	 48+5	 -	 55+12	 71+ 5	 96+ 5
* Ansul Corporation KH003, all particles will pass an ASTM #325
mesh sieve; bulk density ca. 1.3 g/ml.
** Potassium Dawsonite, KA1(OH)2CO3, bulk density ca. 0.8 9/mi.
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f
{ thus leaves the discharge funnel in a more tightly packed dispersion mode.
This both increases the central surface density and minimizes the "rebound-
collection" behavioral pattern seen for the oonmercial powder. This is
further emphasized when data for different particle size distributions are
compared. The smaller the overall particle size distribution, the s y.".- Iler
the noted surface densities observed Although two sanples are shown that
contain 100% Pass #325 ASTM mesh, we have no knowledge of particle size dis-
tributions below this figure, and it is probable that the commercial powder
contains a higher percent composition of small particles than does our syn-
thetic potassium dawsonite. This helps to increase dispersion at discharge,
and thus reduce central surface densities at the expense of the larger radii
measurements.
SELF-IMITION PROBLEMS: In order to test a dry chemical powder for exting-
uishant action, the JP-4 fuel has to ignite initially (self-ignition); and
for comparative measurements of re-ignition delays, it is important that any
self.-ignition delay be negligible compared to the re-ignition delay. It was
found to be impossible to obtain self-ignition spontaneously and reproducib-
ly in times of less than 5 seconds at any tenperatures below ca. 650°C, us-
ing air as the oxidant. Considerable investigation of fuel flow pararnet-
ers, fuel delivery modes, fuel droplet sizes, air delivery to the cavity,
changes in fuel identities (JP-4 mixed with varying proportions of, methan-
ol, acetone, di-ethyl ether, ethanol, prcpanol, ethyl acetate, tetrahydro-
furan, and toluene; and pure coq)onents) did not change this fact. In
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order to investigate the temperature dependencies of extinguishant effic-
iencies over a realistic temperature range (down to 400 0C), it was necessary
to have successful self-ignition at lower temperatures than 650°C. Thus,
oxygen input to the cavity was tried, and found (after some
madifications and refinements to the basic cavity) to yield successful re-
peatable self-ignition at temperatures down to 370°C. However, above ap-
proximately 650 - 700°C, the noted re-ignition delay times were so short
that no differentiation could be obtained from system to system. Thus, re-
sort was made to notmal air-oxidation above ca. 700°C, and oxygen-input
methods below this temperature. It is realised by the authors of this re-
port that partial pressures of oxygen in excess of 0.21 are not realistic
conditions pertaining to fire control in engine nacelles, but this ex-
perimental procedure does provide us with a severely differentiating mode of
investigation for assessing the effectiveness of any extinguishant, and does
provide access to experimental temperatures below 600°C that are otherwise
denied to us. Further, it appears that the ranking-order for a set of ex-
tingui^ihants remains substantially unchanged for experiments at ca. 500°C in
oxygen, and at ca. 700°C in air, and that temperature dependencies are
similar enough to allow such ranking-orders to be compared meaningfully.
This aspect, and the effects of plate surface temperature as a variable (Ar-
rhenius and non-Arrhenius behavior), will be discussed later.
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SHt7I^MASS UEPENDENCIM: in order to determine relative extinguishant ef-
ficiencies, it is necessary to determine the functional dependence of the
re-ignition delay on the mass of extinguishant delivered to the fire. If,
in the simplest case, a limiting value is apparent, then this parameter can
be standardized easily; if not, then an arbitrary test quantity must be
chosen in the light of other data. Both of these behavioral patterns were
seen, depending on whether the fuel jet was incident on the heated surface
at angles that were normal (90°) to the surface, or obliquely tangential to
the surface so as to provide a strong scouring effect to cleanse the surface
of d-y powder. Not surprisingly, the tangential scouring action provided by
a fuel jet incident: on the curved side of the heated plate yielded a shot-
mass dependence that exhibited a "plateau--effect", the threshold of the
plateau being a function of the ability of the dry pLvder to cling to the
heated surface and not be dislodged by the kinetic energy of the fuel jet.
Examples of both behavioral patterns are shown in Figures 13 (plateau effect
- tangential fuel jet) and 14 (linear dependence - fuel jet normal to the
surface) for oxygen enriched ignition at temperatures in the range 400
600°C. There are no qualitative changes in behaviour at higher tempera-
tures, or for air-combustion rather than oxygen enriched atmospheres, and
Figure 15 shows a more detailed experimental sequence taken at 800°C using
an iodide loaded potassium dawsonite dry chemical under conditions of air
oxidation (note the absolute magnitudes of the delays recorded for this very
effective compound even at these high temperatures, > 1,400 °F).
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(	 PCWDER PREPARATIM TECHNIQUES: Pure reagent chemicals and those synthesized
by us were prepared by ball milling and sieving techniques, us,',ng standard
procedures. it was usual to add approximately It by weight (if finely ground
fumed silica (supplied cemercially - 100% will pass a 400 gash ASTM sieve,
bulk density ca. 0.05 g/ml) to enhance flow properties and retard any poten-
tial water absorption. Bulk densities were measured by filling a graduated
cylinder with a known mass of powder, tapping the base of the capped cyl-
inder gently on a hard surface for 60 sect-nds, and calculating the apparr.nt
density from the final volume achieved. Powders so prepared were either
used directly unsieved (typically, ca. 35-45% at Pass-325 ASTM mesh, 100%
Pass-170 ASTM mesh), or separated into constant fractions containing well.
defined particle sizes using Number 400, 325, 230, and 170 ASTM mesh sieves.
No additives to enhance bulk densities were used for any reagent chemicals
or synthesized materials and commercial powders were used directly as re-
ceived from t,^ie manufacturer.
BULK DENSITY AND PARTICLE SIZE EFFECTS: Among the principal physical
quenching effects are those attributed to thermal dilution (heat capacity
effects pertaining to crystal structure changes, chemical decomposition,
phase change phenomena, and thermal reservoir effects), and to third-body
effects associated with gas phase radical recombination reactions. The
first mechanism is a species-dependent phenomenon, and is difficult to
investigate in experimental isolation or indeed to separate from purely
chemical species-dependent effects. Moreover, it is difficult to d.s-
tinguish purely physical phenomena such as crystal decrepitation and sub-
3
I
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Sequent thermal reservoir effects produced by chemical decomposition fro
necessarily associated chemical aspects involving, for example, carba
dioxide gas release from carbonates and consequent "blanketing" effects (i
,W.
physical	 mode) induced by	 the	 chemical (CD2	 gas)	 reducing local
concentrations of oxidant and/or fuel derived species producing the flame.
We have used the rather loose criterion that if a chemical product derived
from the extinguishant takes part in (interferes with) any of the flame
producing reactions, then this is classified as a chemical effect. Thus, by
this	 definition,	 local CO2 gas	 production and	 consequent physical
occlusion of flame reactions will be classified as a physical quenching
mode.
The second general phenomenon mentioned above, that of third-body col-
lision reservoirs, should be a direct function of particle size. Firstly,
the more particles per unit mass, the greater the probability of inducing
third-body collisions (this will involve both number density effects and
surface area effects). Secondly, the smaller the particle, the longer that
particle shouldstay suspended in the gas phase and thus the longer it can
affect homogeneous gas phase reactions. Finally, it is possible that phys-
ical and chemical decomposition (thermal dilution effects) will be enhanced
by smaller particle sizes. An associated phenomenon is one of bulk density.
The denser the particles the more easily they will penetrate to the base of
the flame and thus to the core of the flame generation region.
s0
The difficulties of investigating the effects of bulk density indepen-
dently of the effects introduced by particle size, and vice-versa, needs to
be emphasized. The bulk density is a sensitive function of the particle
size= changing the particle size distribution by sieving immediately alters
the apparent bulk density of the resulting powder. Accordingly, we elected
to separate a test-powder into relatively narrow particle size distributions
(using AM sieves numbered 170, 230, 325, and 400), and adjust the apparent
bulk densities of these fractions to a constant value by the addition of a
low density (0.05 g/ml) fumed silica flow agent. In a second experimental
sequence, we selected one particle size distribution and prepared a sequ-
ence of samples with bulk densities varying over the range of ca. 0.35 - 1.4
g/ml by addition of the same fumed silica additive. Preliminary experiments
clearly indicated that the fumed silica additive did not of itself act as
either as an extinguishant or an inhibition agent and could thus be treated
ab an "inert" additive. For this second experimental sequence, since
significant portions of flow agent were adder to some of the low density
samples, the mass of each shot delivered for each determination of the RIM
values was adjusted such that the quantity of "active" dry chemical de-
livered was identical and equivalent to that delivered for the highest de-
nsity sample. Data from these particle size and bulk, tensity studies are
summarized in Table 4 and Figures 16 (particle size study) and 17 (bulk
density study). A commercially supplied potassium bicarbonate based dry
chemical was used to obtain Lie data in Figures 16 and 17, and a reagent
grade aluminum hydroxide based material prepared by us was used to obtain
the data in Table 4.
r
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TABLE 4	 IWESVIGATION OF THE EFFECTS OF BULK DENSITY AND PARTICLE SIZE
ON THE RE-IGNITION DELNYS CAUSED BY POTASSIUM DAWSONITE FOR
VARIOUS TEMPE:Rk-WRES .
750°C	 800°C
	
900°C
IM SAMPLE $1
100% P325 0.9 g/ml	 94 + 18
	
42 + 2
	 12 + 3
KD SAMPLE #2
37% P325 1.2 g/ml
	
40 + 14	 19 + 6
	
12 ± 3
KD SAMPLE #3
37% P325 0.9 g/ml	 27 + 8	 21 ± 2
	
7 + 1
10 g shot size in each case, 200 ml/hour JP-4 fuel flaw, 2 SLPM air flow.
Samples contain 1% by weight of a commercially supplied flaw agent.
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FIGURE 16: RE-IGNITION DELAY FOR COMMERCIALLY SUPPLIED POTAS.iIUtK
BICAR80NA7E AS A FUNCTION OF THE PAR'T'ICLE DIAME'T'ERj
UP4 FUEL FLAW AT 250 ml/hour; OXYGEN FLAW RATE AT 1.5 SLPM; TEMPERATURE
400°C; SHOT MASS SIZE USED FOR EACH DETERMIMATION «S 4 g.
A PASS 400 MESH ASTM SIEVE 	 t 38 um particle size
B PASS 325/NOT PASS 400 SIEVE 	 38 to 45 um particles
C PASS 230/Nt7r PASS 325 SIEVE	 45 to 63 um particles
D PASS 170/NOT PASS 230 SIEVE 	 63 to 90 um particles
E NOT PASS 170 ASTM SIEVE 	 > 90 um particles
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FIGURE 17: DEPENDENCE OF THE RE-IGNITION DELAY ON THE BULK DENSITY OF A
COMMERCIALLY SUPPLIED POTASSIUM BICARBONATE DRY POWDER
EX'i'INGUISE'.ANT
THE BULK DENSITY WAS CHANGED BY ADDITION OF A SILICA FLOW AGENT KEEPING THE
'PARTICLE SIZE DISTRIBUTION CONSTANT THRVUGHOUT; JP4 FUEL FLAW AT 250 m1/hr;
OXYGEN FLAW RATE AT 1.5 SL..PM; TEMPERATURE 400 QC; 4 g SAMPLES USED FOR EACH
OF THE DETE MINATIONS.
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These data clearly indicate that bulk density effects are small in our
static testing assemblage, although this parameter may become important if
the dry powder has to be delivered to the fire over a long distance
("throw"), or if the fire occurs in conditions of considerable turbulence
where penetration to the initiation point of the fire is important. How-
ever, particle size effects were seen to be important ^ producing marked
changes in the observed re-ignition delay. This general effect had already
been noted by several earlier investigators (4), although their data were
obtained from conventional laboratory mechanistic studies of flame quenching
rather than the simulated fire control conditions used herein. However,
their data did not exhibit the marked dependence shown in Figure 16.	 Since
the effect is virtually discontinuous at a particle distribution that passes
through a 400 mesh AS'IM sieve, and since we know nothing of the particle
`	 distribution in this fraction (08 um), it is impossible to predict further
behaviour.
OXYGEN FLOW RATE SZUDIES: In order to attain self-ignition temperatures be-
low 650 0C, we fqund it necessary to inject oxygen into the vapor space above
the heated plate surface. Obviously, the partial pressure of oxidant will
be a fundamental parameter, and a brief study was initiated to determine the
dependence of re-ignition delays on the effective partial pressure of oxygen
(as measured by its flow rate into the cavity) over a range from 1.5 to 3.5
standard litres per minute (SLPM). These data are shown'in Figure 18, where
JP-4 fuel at 200 ml/hour was allowed to contact a heated surface at 400°C,
the sample used was a mmercially supplied potassium bicarbonate dry pmAer
with 5 gram shots of this chemical being used for each determination.
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FIGURE 18: DEPENDENCE OF THE RE-IGNITION DELAY TIME FOR COMMERCIALLY
SUPPLIED WrASSIUM BICARBONATE EXTINGUISHANP AS A FUNCTION
OF THE OXYGEN PARTIAL PRESSURE ABOVE THE REWED PLATE
SURFACE (MEASURED IN TERMS OF THE OXYGEN FLOW RATE
INIU THE VAPOR SPACE ABOVE THE HEATED PLATE)
It should also be noted at this point that use of oxygen flow into the
combustion cavity in order to lower the self-ignition temperature provided
an	 excellent	 "differentiating"	 effect. Systems	 that apparently exhibit
similar properties under oxidation by air will produce a wide range of re-
ignition delays using oxygen. As will be seen in a later section, ranking
of extinguishants in order of effectiveness appears to be independent of
oxygen partial pressure. Finally, it should be noted that for low tem-
peratures and/or extinguishants that produce long re-ignition delays, the
JP-4 vaporized fuel concentration can build to high levels in the presence
of oxygen atmospheres -- a potentially dangerous situation for un-vented
cavities, or inadequate hood ventilation. Under these conditions, re-
ignition can often be accompanied by a violent detonation. It was noted
that detonation was most prevalent for the initial experimental runs in an
essentially cold cavity (see "Hysteresis Effects" in a later section of this
Report) at low temperatures; for temperatures ! 	500°C and above, re-
ignition took place smoothly, and was a scarcely audible process.
EFFELM OF AIR,kTCW ACROSS THE HEATED PLATE SURFACE: To prevent excess fuel
haq*wing combustion processes (fuel/oxidant ratio effects), a stream of air
was supplied to the plate surface. This air stream was supplied at rates
ranging from 1.5 to 9.0 standard litres per minute (SLPM). At high air
flows, in excess of 6 SLPM, definite turbulent effects could be seen, and
the re-ignition delay began to increase markedly. For air flows between 1.5
zxd approximately 6 SLPM a smooth decrease in re-ignition delay was seen,
similar to that already noted for oxygen inputs to the Cavity (described in
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the Section above). This smooth decrease also followed a "reciprocal con-
centration" function second-order kinetic plot resembling that shown in
Figure 18. Data from this phase of the investigation are shun in Table 5
and Figure 19 (also shown in Figure 19 are self-ignition delays as a func-
tion of air flow) .
Using the assumption of non-turbulent flow for the gas stream exiting
from the holes in the stainless steel gas--entry tubes, an approximate flow
rate across the plate surface can be calculated.
For an air-flow input of A SLPM to the assemblage, the air flow is
divided between two tubes containing 22 exit holes, each ranging between
0.064 to 0.069 inches in diameter, with a weighted mean diameter of 0.065".
Assuming laminar (non-turbulent) flow, then a cylinder of air will be
propagated at each exit hole with a total volume of (A/22) litres each
minute corresponding to 2.774A cubic inches per minute. This cylinder will
have an area of 3.318 x 10 -3 square inches (corresponding to a diameter of
0.065"), and thus a propagated length of 836A inches each minute, or 1.16A
feet per seoond. This will be an approximate value for the dynamic air flow
across the heated plate surface.
Although the numbers generated are small (2-10 ft/second) compared to
real air flows expected (ca. 350 ft/sec according to Table 1) in aircraft
engine nacelles, re-ignition delay data do reflect interference from this
31	 source, and serve to emphasize the need for data from a dynamic facility.
Connnercially supplied potassium :,icarbonate dry powder.
Five gram shots used for each re-ignition delay determination.
Two hundred ml/hour JP-4 fuel flaw to heated plate at 750°C.
AIR FLCJW	 AIR FLOW	 MEASURED RE-IGNITION DEyAYS
VELXITY	 (seconds)*
(SLPM)	 (ft/sec)	 Set 1	 Set 2
1.5 1.7 39 + 8 (4)
2.0 2.3 34 + 6 (4)
3.0 3.5 32 + 3 (4)
4.0 4.6 24 + 5 (4)
5.0 5.8 22 + 7 (4)
6.0 7.0 21 + 4 (3) 24 +	 3 (4)
7.0 8.1 25 + 5 (4) 22 +	 4 (4)
7.5 8.7 46 + 17 (5)
8.0 9.3 65 + 29 (5) 43 + 23 (4)
8.5 9.9 44 + 33 (3)
9.0 10.4 93 + 40 (4) 54 + 25 (4)
* Numbers in parentheses are the number of points in each data set, errors
shown are calculated single standard deviations over the data set taken.
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Since self-ignition became a severe problem at high air-flow rates (in
excess of 9 SLPM), a high testing temperature was chosen (750 9C), and data
collection was terminated above 9 SUM air flow. The data exhibit an ob-
vious change at ca. 6 SLPM, and in general, 2 or 3 SUM air flows were
chosen for all measurements. The re-ignition delay was not particularly
sensitive to air-flow rates (approximately 4 seconds change per unit SUM
change in air flow), a negligible number compared to actual re-ignition de-
lays (corresponding to less than 10% per SUM flow-rate, less than the usual
s*ardard deviations for data sets). This number may be conpared to ca. 25
seconds per SLPM change in oxygen-flow (corresponding to ca. 50% per SLPM
change) noted above.
FUEL FLOW STUDIES: Since the combustibility of fuel/oxidant mixtures de-
pends markedly on the ratio of fuel to oxidant, it was necessary to de-
termine the effects of fuel-flow rates on the re-ignition delay. This was
done by varying the pumping speed of the fuel delivery assemblage over the
range 50 to 500 ml/hour of JP-4 fuel, and measuring the re-ignition delay as
indicated above. Two primary data sets were collected, one for air-
oxidation, and one for oxygen inputs to the cavity. These data are shown in
Figures 20 and 21, respectively. Behavioral patterns are drastically dif-
ferent in each case, reflecting the overall fuel to oxygen ratios in each
case. However, it should be noted that, within the experimental errors
indicated (Figure 20), the magnitude of the fuel flow-rate to the heated
1
	 surface had little effect when combustion took place in air.
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FIGURE 20: nEPE;NDENCE OF THE RE-IGNITICN DELAY FOR A C 1MERCIALlIX SUPPLIED
POTASSIUM BICARBONATE DRY POWDER ON JP4 FUEL FLOW RATE IN AN
ATMOSPHERE OF AIR
10 g SHOTS OF COMMERCIALLY SUPPLIED POTASSIUM BICARBONATE DRY POWDER WERE
USED FOR EACH DETERMINATION; 5.0 SLPM OF AIR INTO CAVITY; BULK DENSITY OF
f	 POWDER VAS 1.3 g/ml; HEATED PLATE SURFACE AT 700°C.
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FIGURE 21: DEPENDF34CE OF THE RE-IGNITICN DELAY FOR A COMMERMLLY SUPPLIED
POTASSIUM BICARBCNATE DRY P,U-DER CN JP4 FUEL FLAW RATE IN AN
OXYGEN ATI4SPHERE
Two data sets are shown, one for 5 g shots of the powder, and the other for
10 g shots of tho commercially supplied potassium bicarboante dry powder:
in each case, the heated surface was at 500°C; bulk density of the powder
was 1.3 g/ml; and oxygen flaw rate was 2.0 SLPM.
Note the distinctive change in slope at ca. 50-100 .ml/hour, this corresponds
approximately to the stoichiometric bar it er for JP-4 oxidation ( ca. 60 ml
per hour). Such abn:pt changes in slope often denote a change in mechanism
for a reaction.
i
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HYSTERESIS EFFECTS ON THE RE-IGNITION DELAY: Since the re-ignition process
probably involves both homogeneous and heterogeneous processes, the cavity
walls will influence the re-ignition delay. It was observed that as the
temperature of the cavity walls increased from initial ambient values of the
laboratory to temperatures in excess of 200°C at the end of the day (after
8-10 hours of use), the re-ignition delay for a standard system decreased
markedly (by as much as 40%). This effect was labelled as a "hysteresis" or
"memnry" effect, and must be allowed for in formulating a ranking order
within a data-set. Data are shown in Table 6.
To obviate such changes rhgring an experimental sequence, it was custom-
ary to turn on the heating for the cavity-plate several hours prior to the
initiation of any experimental v&,'%, , and allow the cavity to achieve some
form of temperature equilibration prior to taking any measurements. The
data in Table 9 also serve to illustrate the day-today reproducibility ob-
tainable, acid the relative precision achieved, with this experimental as-
semblage.
This hysteresis effect also became obtrusive during an experimental run
involving several different temperatures. If a sequence was initiated with
the dependent variable temperature altered in ascending order, re-ignition
delays would exhibit an "expanded" range compared to those obtained under
appa..ently identical conditions but where temperatures were changed in de-
scending order. Consequently, all experiments delineated in this report
were obtained with ascending temperature sequences to provide some degree of
comparability.
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TABLE 6
	 HYSTERESIS EFFECTS ON THE RE-IGNITION DELAY
Measur and re-ignition delays (in seconds) induced by a commercially f
potassium bicarbonate dry chemical agent. All such mamtcrial has been pas-
sed through a 325 AS'114 Sieve ( <45 microns); 5 g sample shots of dry powder
were used for each determination. Cavity volume i$ circa 5 litres; heated
surface at 400°C; 200 ml/hour of JP-4 fuel, with 2.25 SUM of oxygen into
the cavity.
DAY # 1	 DAY # 2	 DAY # 4*
early a.m.	 la to p.m.	 early a.m.	 late p.m.	 early a.m.	 late p.m.
67 53 75 52 65 46
60 51 67 43 77 48
59 49 74 48 60 52
60 57 67 53 53 51
71 57 70 51 58 (31)**
63 72 55 51
54 48
63+5(6%)
	
53+4(88)	 71+3(5$',;	 51+4(8%)	 63+9(14$)	 49+3(5%)
ratio 1 : 1.2	 ratio 1 : 1.4	 ratio 1 : 1.3
` August 2,3, and 5, respectively, 1976.
** Rejected in calculating rtean and standard deviation.
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This demonstration of an apparent "hysterer:i,s" effect also emphasizes
the importance of extinguishing a flame at the earliest possible moment, to
prevent a general temperature rise in all of the surrounding surfaces, and
thus severe curtailment of fire control effectiveness by a potential extin-
guishant.
S'IOORAGE STABILITY OF CHE24ICALS: The acceptability of potential dry chemical
fire extinguishanta respect to delineated storage requirements was
judged via compliance with the published physical constants for the oom-
pounds concerned, and via thermogravimetric; analysis data (TGA methods) ob-
tained by the investigators for each ccepound tested. Significant weight
loss (> 5%) at temperatures belrAi 1.20°C autor;atically violates current stor-
age requirements, and similar weight loss at temperatures up to 260°C would
violate those requirments delineated for advanced aircraft. Thus, chemicals
with melting points or sublimation temperatures that would conflict with
these limits, by producing significant vapor pressures, or undergoing a
first or second order thenrothemical phase change, would provide un-
satisfactory for storage. Water loss (effloresence) and water absorption
(deliquescent and/or hygroscopic properties) will also preclude compliance
with the storage requirements. Some physical parameters for various poten-
tial dry chemical fire extinguishants are given in Table 7.
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TABLE 7	 SOME AIYSICAL PARAPOMRS OF POTENTIAL, FIRE EXTINGUISHANTS*
SAMPLE DESCRIPTION AND SUPPLIER	 BUIJ(	 M. Pt and or B. Pt
All powders ground, sieved, and passed	 DENSITY
through an ASTM Number 325 mesh (05 um) 	 (9/ml)	 (OC)
KHCO3
	 Ansul Co. "purple-K"	 1.24	 100-200 deconp
KHCO3
	 Ansul Co. "X" (high density)	 1.35	 100-200 deconp
K2 "`}	 Ansul Co. (camissioned ) 	 1.22	 891
14H4H2PO4 Ansul "Foray" 1.18 190
NH4H2PO4 PyroChem TUW-156 1.16 190
NaCl PyroChem ''?CU-Orange" 1.36 801
KC2H31N203 I.C.I.	 "Monnex" 0.88 -
KC1 PyroChem "Super-K" 1.42 776
SnC12.2H2O Reagent Grade + 1$ w/w f.a. ** 1.55 38
Na2WO4 . 2H2O Reagent Grade + 1% w/w f.a. 2.11
Na2WO4 Reagent Grade + 50% w/w f.a. 2.17 698
Tin Oxide Reagent Grade 3.26 1080 decomp
Tin Iodide Reagent Grade 1.77 320 717
Tin Iodide laboratory Synthesis/1% w/w f.a. 2.69 320 717
KI Reagent Grade + 1.58 w/w f.a. 1.95 686
'NaI Reagent Grade + 1.5% w/w f . a. 2.02 651 hygroscopic
KD***	 With 1 .4 w/w f.a.
KD	 With 2_.7t w/w f.a.
KD	 With 2.0-: w/w C.a.
KD + 9% tin iodide ^ 1% w/w f.a.
KD + 17 % tin iodide + 14 w/w f.a.
	
0.75	 270-320 deaonp
0.84
0.88
	
0.85	 270-320 deccxip
0.96
NaD
*** With 1% flow agent 0.85 240-290 deconp
NaD + 1% tin iodide + 1% f.a. 0.88
NaD + 5% tin iodide + 1% f.a. 0.89
NaD + 10% tin iodide + 1% f.a, 0.93
NaD + 20% tin iodide + 1% f.a. 1.04
NaD 4 ^iO% tin iodide + 1% f.a. 1.28
NaD + 60% tin iodide + 1% f.a. 1.42
NaD + 80% tin iodide + 1% f.a. 1.74
*	 Probable error in bulk density + 0.03 units.
"f.a." is used for "silica flow agent" (bulk density 0 .0i g/ml).
**'` "D" is used for the dawsonite anion, [A1(OH)2CO3]-.
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COMPARATIVE TESTING OF POTENPIAL EXTINWISHANI'S
The experimental static testing assemblage described previously was now
used w determine the relative effectiveness of various chemicals in ex-
tinguishing a flame, and preventing re-ignition of this flame even though
JP-4 fuel was still being pumped onto the hot surface. The re-ignition de-
lay observed can be related to the competitive scavenging reactions induced
by the extinguishant chemical in controlling flame propagation reactions,
and is thus a fundamental descriptive parameter of the system from which
meaningful deductions can be drawn. Although the absolute magnitude of the
re-igni'Cion delay dill depend on the experimental parameters already de-
lineatel above, the relative magnitudes for one chemical compared to another
will provide us with a true measure of fire control performance. Since we
are primarily concerned with relative performance of each system tested, we
need to be able to standardize the performance of our experimental assem-
blage. We chose to do this by measuring the re-ignition delay for a
standard compound each day, or at the beginning of any sequence of self-
consistent measurements, whichever occurred sooner. Since potassium
bicarbonate proved to be one of the most effective commercially available
dry chemical fire extinguishants (Ansul Corp. "Purple-Km"), and we had a
large supply in one batch, we chose this as one :standard. However, at high
temperatures, this chemical was very corrosive to the plate surface and
particularly to the thermocouples welded to the plate. To obviate cor-
rosion problems we used a second standard, aluminum hydroxide ("Gibbsite")
supplied by Kaiser Aluminum Corp., again one single large batch was used
6 
throughout the 30
{
month experimental period.
	
Over the 30 month period, the
mean for any data set taken did not differ from the mean to all sets taken
by more than + 75%, and the mean for one set in a sequence did not differ
from the mean to a set of sets taken over the duration of an experimental
sequence (extending over a time period of as much as 10 days) by more than
+ 10%. See Figure 22 for a limited display of data for a standard compound
( "Purple-0 11 ) taken over several months.
CHOICE OF POTENTIAL SYS'T'EMS: In choosing which systems to test, several
criteria were used. Firstly, all current commercially supplied materials
were examined directly; obviously, existing technology should be utilized
where possible to minimize economic factors. Secondly, fundamental chemical
knowledge allows us to preciict that certain compounds will be effective fire
control agents under certain prevailing circumstances. Thirdly, intuitive
concepts of fire control would indicate that other chemicals might suc-
cessfully provide initial extinguishment ("knock-down") and/or long term
control of flammable situations. Since many compounds have already been
tested by other investigators, only those chemicals thought to be more ef-
fective than the most effective cnu-tx rcial chemicals were selected for
further testing in the static assemblage (a screening process prior to
dynamic testing).
In reviewing factors that are thought to provide effective fire control
the follawing b*ints are worth delineating at this time:
1. Chemicals used to control pre-ignition ("anti-knock") in internal
Iw
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FIGURE 22; QUALITY CONTROL DISPLAY OF RE-IGNITION DELAY DATA FOR A STANDARD
COMPO= (ANSUL ODRP. "PURPLE-K" ® ►
 KHCO3) TAKEN OVER A
PERIOD OF SEVERAL MONTHS.
The points are mean values for a data set containing the indicated number of
points (number appended at top or bottom of error bar). Error bars are sin-
gle standard deviations for the data sets. Two (or more) points for any one
day show means for multiple data sets during that day.
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combustion engines include lead, tin, manganese, and iron, in the form of
lead alkyls (tetra-ethyl lead), tin alkyls (tetra-t-butyl tin), cyclo-
pentadiene-manganese tricarbonyl	 ( "cyaantrene"),	 and bis-di-cyclo-
pentadiene-iron (ferrocene). Further, tetra-t-butyl tin is used -^s in
anti-oxidant in plastics and fibres. One seeming characteristic displayed
herein is the multiple valency available to each metal, and this has been
mentioned in the literature before by several investigators.
2. The solid chemical should provide a prima--facie display of fire
trol, best exemplified by the thermal decomposition of carbonates and
oxalates to provide a CO2 atmosphere locally and thus to blanket the flame
physically in an inert atmosphere. This factor has dominated previous ap-
proaches to fire control, and the majority of commercial systems are based
on either carbonates or bicarbonates.
3. Intuitive concepts also i,tidicate that the solid chemical has to be
volatile enough to penetrate ilto the gas phase, and thus alkali metal
cations and some aluminum salts are more likely to be useful than alkaline
ea,.th cations. Equally, standard concepts of gas phase reaction mechanisms
would indicate that any radical or ior: scavenger should interfere with the
chain propagation processes that characterize flames and explosions and
should provide a measure of fire control. In particular, halogens and
halogen derivatives are well known radical-scavengers, and should form an
important part in the testing role and assessment process, with particular
emphasis on iodine and the iodides. For these latter compounds, a strongly
ionic bond or a weak co-valent bond is mandated, to allow scavenging by the
halogen entity itself to occur.
x
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4. For obvious reasons, the salt should possess minimum toxicity:
although for remote usage in an engine nacelle this is not a property that
is particularly important at the time of use, the fire extinguishant system
still has to be loaded and installed, and there may be a clean-up operation
on successfully combatting the fire. Thus, cations such as mercury and lead
should be avoided, and some anions such as cyanide and arsenate are of
doubtful efficacy in this respect.
5. Economics will play some part in the overall choice, in that large
quantities of the final material will be needed for all uses; thus, chem-
icals that require many steps to synthesize, or contain large quantities of
rare materials, or which require experimental syntheses involving processes
that are relatively intractable to bulk production, are not considered prime
candidates for the major component in a dry chemical system.
6. On finally assessing the utility of various chemicals, or mixtures
of chemicals, attention must be re-directed to the storage requirements de-
lineated in Table 1, and other ancillary requirements delineated in standard
military specification. These are re--stated here for classification:
6.1 The material should be stable to temperatures up to 260°C for advanced
aircraft use, corresponding to < 5% loss in weight at this temperature (cur-
rent vehicles dictate 120°C for maximum storage temperatures). A less
stringent requirement is corresponding stability dawn to -55°C for storage
purposes.
6.2 The material should exhibit no water absorption properties, or cor-
responding weight losses by efflorescence.
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6.3 The material should be effective at controlling fires initiated by hot
surfaces at temperatures up to 815°C, and it is expected that a 300 seconds
delay or better can be produced by a candidate dry chemical powder applied
to a JP-4 fuel fire initiated on an 800 °C surface.
Using these criteria, some potential candidate systems would include
alkali metal carbonates and bicarbonates, alkali metal halides, tin salts
(particularly tin carbonate), aluminum salts, various boron derivatives, and
commercially available materials. These choices are limited by the fol-
lowing points:
7. Tin carbonates are not stable entities and cannot be isolated
satisfactorily by current technology. Similarly, aluminum carbonates are
equally unsatisfactory. To overcome these problems, specific syntheses were
initated to produce a stable complex tin carbonate in the form of an alkali
metal carbonate-hydrated tin oxide system. This was unsuccessful. A second
preparation involving a mixed salt of potassium oxalate and hydrated tin
oxide ("stannic acid") was successful and produced a material with the prc)F-
able formula K2Sn(OH)4C2O4. No toxicity data are currently avail-
able for this compound, but it should be noted that sodium and potassium
oxalates are systemic poisons.
8. The availability of a complex sodium-aluminum carbonate as a natur-
ally occurring mineral, Dawsonite,
	
in the form NaAl(OH)2CO3, prompted us
to examine its utility as a fire control agent, since aluminum carbonate it-
sel is not an accessible compound.
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Three sours-s of Dawsonite are conveniently available:
8.1 The natural mineral, essentially the major component in oil shale, can
be obtained as a waste product from oil recovery operations.
8.2 A commercial source of Dawsonite is available from either "antacid"
manufacturers (such as "Turns ®"), or from water treatment plants where
alumina flocculation processes of industrial and recycled water produces
this material by precipitation. One such source proved to be the Kaiser
Aluminum Corp., who very kindly provided samples of this material.
8.3 A third source is laboratory synthesis, isolation, and characterization
of this material by conventional means, one such preparation being reported
in the chemical literature as an existing U.S. Patent. Moreover, since it
i3 usual for potassium salts to be more effective than corresponding sodium
salts, a synthetic preparation of potassium dawsonite was also a potentially
useful route to an effective agent.
9. Commercially available systems included various carbonate and bicar-
bonates, of which the best known are based on potassium tcarbonate. Since
potassium carbonate is hygroscopic, and this limits its usefulness, we com-
missioned the Ansul Corp. to prepare a potassium carbonate based material
that would resist water absorption, and this oom,,)ound also was tested.
Other systems available cammercially included:
9.1 A mixture of potassium bicarbonate and urea as a condensed (one water
molecule eliminated per pair of molecules) solid, marketed by I.C.I. Ltd.,
and trade-named "Monnex O ". This material is essentially a carbanate com-
pad •
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9.2
	 Various phosphate derivatives from many companies are currently being
used, one such being "Phos-Chek ow
 from Monsanto, used for forest fire con-4
.i
trol,	 and
	 based
	
on	 (NH4)2HPO4.
	 Phosphates	 based	 on	 NH4H2PO4
	
are
sold by other companies for domeatic and automobile fire control, such as
the Ansul Corp. "Forays«.
9.3
	 Currently,	 I.C.I.	 Ltd.	 holds a patent for the use of	 "cLyolite",
K3A1F6,	 as a potential dry chemical system for fire control, 	 and thisi
compound was also included in the list of potential agents.
9.4
	 Forest fire control has, in the past, used borax (sodium borate in var-
ious hydrated forms), and although it is not as effective as the phosphates
and
	
bicarbonates,
	 the	 oxide	 (B203)	 and	 acid	 (H3BO3)	 are	 worth
investigating further as potential agents.	 Similar in chemical properties
to	 borax
	
are	 the	 tungstates,
	 W040 ,	 and	 the	 sodium	 salts	 in	 hydrated
and non-hydrated forms could be potential control agents, since tungsten ex-
hibits one of the widest range of valence states of any element (as does
uranium, but other factors rule out use of this metal).
9.5
	 One final chemical is worth mentioning, carbon tetra-iodide, since car-
bon tetrachloride was one of the first agents to be used for fire control.
Moreover, CI4 is a solid at roam temperature, a potential iodine source in
the vapor phase (since C-I bonds are weaker than C-Cl bonds), and iodine is
recognized as being the best radical scavenger amony the halogens.
f 9.6	 Since some of the chemicals seemed to be easily dislodged from the
r
heated plate surface by the fuel jet momentum, it was proposed that some
s
form of "sticky" additive be added to assist the particles in adhering to
i
ALI -
}
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the plate. Since boron coffp-mnds tend to form glasses when melted, we de-
cided W test one such sample (potassium dawsonite) that contains 10% by
weight of boron ( III) oxide.
COMPARATIVE TESTING OF SINGLE CHEMICALS AT 675--900°C: Using the experi-
mental method already described, re-ignition delay data for various single
chemicals and commercially supplied extinguishants were obtained at various
temperatures in the range 700-900°C for air oxidation, and for various
quantities of powder varying between 5 g and 20 9 per sample determination.
These data are shown in Table 8. It is pertinent at this point to mention
that tin(II) salts are prone to oxidation by air and/or moisture and that
commercially supplied tin(II) salts
	
contained	 up	 to 608
	
tin(IV)	 salts.
Thus, we refer in general to SnIx, for example, as being tin iodide (and
vice-versa), purchased nominally as the tin(II) salt from commercial sour-
ces. Since some of the chemicals tested did not produce significant delays
even at 700°C, and virtually none at higher temperatures, an additional nine
ccmpounds were tested at 700°C only. Although eight of these additional
nine have indifferent performances with respect to fire control capabili-
ties, the
	
exception	 is the	 specially prepared (by	 Ansul	 Corp.)	 K2003
powder, which	 is deemed slightly superior	 to the KHCO3 based material
already marketed by this Corporation. These data are shown in Table 9
It became apparent that data obtained from 10 g samples provided suf-
ficient differentiation between materials (re-ignition delays rangir; From
> 900 seconds down to less than 10 seconds), and yet provided a small enough
iR
^"	 i
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{	 TABLE 8 RE-IGNITION DELAY DATA AS A FUNCTION OF TEMPERATWE AND SHOT SS
FOR VNUOUS P0TE1drIAL SIMI,; CHEMICAL DRY PCWDER EXTINGUISHANTS:
TF,STING IN AIR-CCMBUSTION OVER THE RANGE 700-9000C.
1. All re-ignition delays are given in seconds.
2. 200 ml/hour JP-4 fuel flaw and 2 SLPM-air into cavity.
3. All dry powders were ball-milled and sieved to pass an ASrM-325 Mesh.
4. All dry powders contain It w/w flaw agent to prevent caking and
moisture uptake.
5. All chemicals are reagent grade materials unless stated.
6. KHO03 and K2CO3 are commercially supplied extinguishants
(Annul Corporation).
7. Na and K dawsonites were synthesized by the authors, the dawwnite
anion is (A1(OH)2CO3) .
8. Note that a delay of approximately 4-5 seconds is really equivalent to
a zero delay, since this time is needed for the fuel to "wash" through
to the heated surface and/or for the fuel to reach ignition
temperatures due to heat capacity effects from the dry powder.
9. Data are given in the form "Mean Re-ignition Delay in Seconds +
Standard Deviation (ivumber of Points in Data Set)"
10. Tin iodide is referred to as SnIx.
TABLE 8A
TEMP POTASSIUM DAWSONITE KD ANSUL 00RP. "Purple-K" KHCO3
(°C) 5 g	 10 g 20 g 5 g 10 g 20 g
675 193+38(10) 252+91(5) >600(5)
700 73+11(10) 153+15(15) 350+50(10) 30+12(25) 69+20(40) 204+80(30)
725 34+6(1,0) 98+38(15) 203+25(10)
750 31+1.0(10) 81+18(15) 113+11(5) 27+5(10) 50+8(10) 106+45(5)
r	 775 21+4(5) 30+3(5) 82+8(5)
800 12+2(5) 30+6(15) 38+4(5) 29+7(10) 38+8(10) 102+50(10)
825 10+1(5) 184,2(5) 32+3(5)
850 19+3(5) 18+3(5)
900 6+3(10) 10+4(15) 13+3!20) 2+1(5) 7+4(15) 13+3(10)
c
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TABLE 8B
TEMP	 I.C.I. "Monnex" KH003-Urea	 PyroChem 080 - MCI"
(°C)	 5 g	 10 9	 20 y	 5 g	 10 g	 20 g
700
	 30+3(5) 55+30(20) 61+12(10) 9+3(10) 33+15(5) 27+2(5)
750
	 18+5(5) 27+6(5) 63+14(5) 5+2(5) 9+2(5) 11+2(5)
800	 5+2(5) 9+2(5) 20+3(5) 5+2(5) 8+3(5) 10+3(5)
900
	 4+2(5) 7+2(5) 13+3(5) 4+2(5) 5+2(5) 5+2(5)
TABLE 8C
TEMP	 Tin Iodide SnIx*	 NaD	 Al(OH)3	 NaI	 KI
(°C)	 5 g	 10 g	 20 g	 10 g	 10 g	 10 g	 10 g
700 200+80(15) 380+80(30) 	 296+50(5) 100+30(30) 600+60(5) 	 >900
725	 244+40(10)	 725+75(5) 280+30(5)
750 102+50(20) 102+40(15) 	 170+50(15) 82+20(30) 262+95(5)
775	 58+3(5) , 58+6(15)
	
195+50(5)
800	 8+2(5)	 19+2(10) 32+3(5) 29+5(15) 18+6(30) 	 90+25(5)	 16+6(5)
850	 3+2(5)	 28+3(5)	 16+10(5)	 10+5(5)
900	 2+2(5)	 8+6(10) 6+3(15)	 3+2(15)	 3+2(5)	 2+2(5)
* Tin (II) iodide is very unstable to air or moisture, and commercially
supplied materials contained varying proportions of tin(IV) iodide. The
majority of tin iodide, supplied nominally as tin(II), iodide appeared to
contain approximately 50-60% tin(IV) iodide.
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TABLE 9
	 RE-IGNITION DELAY DATA FOR VARIOUS SINGLE COMPOUND POMITUL
- I= CHEMICAL EXTINGUISHARM AT 7000C (AIR-CONKSTION)
RANKI i4;	 COMPOUND	 5 g	 10 g	 _ 20 g
ORDER*
1 Ansul Corl+vration K2CO3 65+11 150+80 300+55
2 Pyro-Chem Corp. "Super-K" (KC1) 33+4 26+5
3 SnClx•2H2O 7+2 26+3 81+8
4 Na2W04.2H2O 14+2 17+2 22+3
5 SnOx•nH2O 15+5
6 Cryolite (K3A1F6) 8+2 14+5
7 Ansul Cusp. "Foray" (NH4H2PO4) 5±2 12+2 38+14
8 Pyro-Chem Te4-156 (NH4H2PO4) 5+2 8+3 13+2
9 Na2WO4 (dehydrated) 8+2
10 Carbon tetra-iodide zero
* Arranged in decreasing effectiveness based on data for 10 g shots.
All samples were ball-milled, passes] through an ASIM-325 sieve (<45
microns), and mixed with 18 w/w of flow agent to prevent caking and
moisture uptake.
Errors are single standard deviations for a minimum of 5 data paints.
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sample to allcv .►
 reasonably prolonged testing sequences for moderate
quantities of powder. This was especially important for some materials that
were quite "expensive" either, in actual costs, or in time to synthesize and
prepare. Accordingly, we standardize our next phase of testing to this
amount, 10 g, and recorded data for an additional 5 compounds at various
temperatures. These data are shown in Table 10.
Tb provide a self-consistent listing of relative efficiencies in con-
trolling JP-4 fuel fires initiated by hot surface ignition, we have re-
tabulated all compounds examined (data from Tables 8, 9, and 10) in a
rank-order determined by their re-igntion delay at 700 0C for 10 g sample de-
terminations. This reference temperature was chosen merely because the
majority of , compounds were tested at this value. It was necessary to es-
timate re-ignition delays at 700°C for 5 compounds, this was done by using a
reaction kinetics Arrhenius-style plot (see next section below). These data
are presented in Table 11. It is clear from these data that iodides are, as
expected, powerful chemical extinguishants at law temperatures, but that
their efficiencies fall rapidly as the temperature rises. Again, as ex-
pected, the stabilized (by complexing as a double-salt) carbonates provided
better performance than simple carbonates ( cf. both dawsonites with respect
to potassium carbonate and bicarbonate), indicating perhaps a form of
"shielded" or "hindered" carbon dioxide release due to the increased thermal
stability induced by double salt formation. This is further exemplified
when data taken at 900°C is examined, where the dawsonites can be seen to be
virtually the only chemicals providing any (albeit, vary limited) protection
at these elevated temperatures.
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TABLE 10 RE-IC-NIT10N DFAAY DATA FOR VAFUOLTS SINGLE COMPOUND PMENTIAL DRY
MEMIML, MINGUISHAMS MR JP-4 FUFL IN AIR OXIDATICN S"JDIFS AT
VAR OUS WIPERAWRES
750°C S00°C 900°C
Al 2 0 .3	 of alUnvina" 28 + 12 7 +	 3 zero
AIOOH	 "Boehmi te 48 + 35 5 +	 2 zero
8203 5 +
	 3 3 + 	2 2 + I
K-Dim9onite + 10% 8203 62 + 28 18 +	 5 6 + 2
3B03 <10>
10 9 shots for each determination, 200 ml/hr jP4 fu-el, 2 SLPM air.
* SGii-ylle reading only.
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TABLE 11
	 RE-IGNITIC;N DELAY DATA FOR PC TENTIAL DRY CHEMICAL FIRE,t
EXTINGUISHANTS RANKED ACCORDING TO THEIR PERFORMANCE AT 7000C*
700°C 750°C 800°C 9'00°C
1 KI >900(1) 100+30 16+6 zero(2)
2 Nai 600+60 262+95 90+25 zero
3 SnIx 380+80 102+40 19+2 zero
4 NaD(3) 296+50 170+50 29+5 6+3
5 KD 153+15 81+18 30+6 10+4
6 K2003 (Ansul Corporation) 150+80
7 KD + 10% w/w B203 <140>(4) 62+28 18+5 6+2
8 A1(OH)3 100+30 82+20 18+6 zero
9 MCO3 (Ansul Corp. "Purple-K") 69+20 50+8 38+8 7+4
10 KHOD3/urea (ICI "Monnex e") 55+30 27+6 9+2 7+2
11 A100H ("Boehmite") <55> 48+35 5+2 zero
12 Al203 ("alumina") <55> 28+12 7+3 zero
13 KC1 (' yroChem Corporation) 33+4
.14 NaCl (P^ToChem) 33+4
15 SnClx • 2H2O 26+3
16 Na2W04 • 2H2O 17+2
17 SnOx • nH2O 15+5
18 K3A1F6 ("ctyolite") 14+5
19 H3BO3 <10 [10](5)
20 NH4H2PO4 (Ansul Corporation) 12+2
21 NH4H2PO4 (PyroChem Corporation) 8+3
22 Na2W04 8+2
23 B203 <8> 5+3 3+2 zero
24 CI4 zero
(1) Re-ignition delays in seconds, standard deviations shown as errors.
(2) Less than 2-3 seconds delay is considered to be zero inhibition.
(3) Anion D- , dawsonite, is [A1(010 2003]-.
(4) <x> indicates estimated re-ignition delay via Arrhenius extrapolation.
(5) Only one measurement taken.
* All data obtained for 10 g sample determinations, air oxidation, 200
ml/hour JP-4 fuel flow, 2.0 SLPM air input to cavity.
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TEMPERAMM DEPENDENCE OF RE-IGNITION DELAY DATA: As indicated previously,
the re-ignition delay is a kinetic parameter describing the competition be-
tween extinguishant scavenging action and chain propagation reactions that
typify the flame and/or explosion. It is not surprising, therefore, that
re-ignition delay data as a function of temperature can be correlated by an
Arrhenius-type function involving a linear plot of the logarithm of the re-
ignition delay against reciprocal absolute temperature. Two such plots are
shown in Figure 23 for potassium bicarbonate and potassium dawsonite. The
slopes of each line vary widely, and reflect to some extent the thermal en-
ergy needed to decompose the material, and in kinetic terms, are related to
a so-called "activation energy". It is also pertinent here to note that the
effectiveness of a dry chemical as a fire control agent falls to zero above
the melting paint. For example, KHOD3 has a melting point of 891°C, at
900°C there is virtually no re-ignition delay observed.
COMPARATIVE TESTING IN THE RANGE 400°-600°C: To extend the range of
measurements of re-ignition delays below 700°C, it was necessary to overcome
the self-ignition difficulties. This was accomplished by enriching the oxy-
gen content of the combustion cavity above the normal partial pressure of
0.21 available from air alone. Using pure oxygen introduced through the gas
inlet pipes shown in Figure 3 enabled us to extend the self-ignition tem-
Derature down to 370°C, allowing data collection in the range 400-600°C.
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FIGME 23 ARRHENIUS-STYLE PLC77' OF THE TEMPERATURE DEPENDENCE FOR TWO
REPRESENTATIVE COMPOMM .
Line A: Synthetic potassium dawsonite, KA1(OH)2003
Line 'i3: Cormerrcially supplied Ansul Corp. "Purple-K®" (MCO3)
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Above approximately 600°C, re-ignition Jelays became immeasurably short and
prevented differentiation between compounds. These low temperatures serve
to emphasize thermal activation/degradation effects. For exappler these
temperatures are now low enough that it is possible to envisage a situation
where the extinguishant has little or no effect until a minimum threshold
temperature is reached and exceeded. Up to this temperature the ef-
fectiveness of the extinguishant will actually increase as the temperature
increases. However, above a sufficiently high temperature, all compounds
will exhibit a fundamentally ArrNcnius-type behavior. These behavioral pat-
terns are clearly displayed in the following data taken for' combustion in
oxygen enriched atmospheres at temperatures betweer, 400 0 and 600 0C for nine
selected compounds; data shown in Table 12. These data are also shown plot-
ted in Figures 24, 25, and 26., and illustrate clearly this non-Arrhenius be-
havior discussed above. This irode of behavior appears prevalent for com-
pounds whose anion decomposes irreversibly, e.g. carbonates, oxalates, de-
hydration of hydroxides. These data also illustrate the catastrophic fall
in efficiency seen for volatile compounds such as tin iodide, emphasizing
the point already made that above the melting point of a compound the ef-
fectiveness falls to zero rapidly.
For comparison purposes, we have ranked these 9 compounds in ordox of
their re-ignition Jelay observed at 400°C, 500 00, and 600°C, in 3 separate
rank-,orderings. These data are presented	 in Table 13,	 and	 indicate the
problems of ranking a system at only one temperature, since ranking "cross-
over" can be seen for several compounds listed therein, and most dramatical-
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TABLE 12 RE-INITION DELAY rATA AS A FUNCT'ION OF TEMPERATURE FOR VARIOUS
POTENTIAL SINGLE CHEMICAL DRY POWDER,XTING'UISHANTS: TESTING IN
OXYGEN-ENRICHED AyosPHERES IN THE ► A_*GE 400° to 600°C.
Mean Re-ignition Delay Standard Deviation (# cf data points)
COMPO(jr:D2, 3	 4017 *C	 4500C	 500 *C	 5500C	 6000C
KHCO3* 48+9(33) 38+7(28) 31+10(42) 28±4(16) :102+5(22)
Snix 90+11(8) 63+7(4) 34+5(7) 41+9(7) 2+1(6)
K2CO3'a* 30+.8(20) 25+8(11) 21+4(10) 14±6(5) 16±3(5)
KD 26+8(5) 18+5(19) 18+2(3) 18+3(4) 14+2(4)
K2Sn(OH)4C204 24+6(6) 16+4(7) 19+3(6) 14+4(5)
A1(OH)3 19+3(5) 10+5(4) 17+6(11) 9+3(10)
NaD 10+7(4) 8+2(4) 94+2(7) 11+2(4)
K2SO4 * 9+1(3) 3+1(3) zero
K3AIF6 3+1(6) ca. zero zero
1. All re-ignition delays given in seconds.
2. All determinations for: 5 gram shot size, 2.25 SLPM oxygen flow rate,
and 200 ral/hour JP-4 fuel flow rate.
3. All dry powders were prepared by ball milling and sieving through an
ASTM-325 Mesh, all contain approximately 0.5-1% W/W Si02 flow agent to
prevent caking and misture absorption.
4. Sn12 and K2Sn(OH)4C204 were synthesized by the authors.
5. KHCO3, K2CO3, K2SO4, are all commercially supplied dry
chemical fire extinguishants.
6. NaD and KD are sodium and potassium salts of [A1(0"1)2CO31
7. Data presented as: "re-ignition delay in seconds + single standard
deviation (number of points in data set)".
* Commercially supplied as extinguishants.
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FIGURE 24:	 TEMPERATURE DEPENDENCE OF THE RE-IGNITION DELAYS FOR SOME
Pt7I'FMIAI, DRY CHEMICAL FIRE EXTINGUI SHANTS IN AN OXYGEN
ENRICHED ATFIOSPHERE IN ME TEMPERATURE RANGE 4 00 0- 600°C
LI14E A: Tin iodide
LINE B: Ansul Corp. "Purple-K®" KHCO3
LINE C: A potassiimu -tin complex oxalate
LINE D: Sodium dawsonite
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FIGURE 25:	 TEMPERATURE DEPENDENCE OF THE RE-IGNITION DELAYS FOR SOME
POTENTIAL DRY CHEMICAL FIRE EXTINGUISHANTS IN AN OXYGEN
ENRICHED ATMOSPHERE IN THE TEMPERATURE MXZ 400 0- 600*C
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:GURE 26:	 TEMPERATURE DEPENDENCE OF THE RE-IGNITION DELAYS FOR SOME
POTENTIAL DRY CHEMICAL FIRE EXTDGUISHANTS IN AN OXYGEN
ENRICHED ATMOSPHERE INI THE TEMPERATURE RANGE 400°- 6000C
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TABLE 13	 RELATIVE EFFECTIVENESS Gi,' VARIOUS SINGLE CHEMICAL
DRY POWDER EXTINGUISIV4M AT 400 0 to 600°C
IN OXYGEN-ENRICHED AT MMPHERES
400°C SOOT 600 0C*
1. SnIx 1. SnIx (1) 1. KHCO3 (2)
2. KH003 2. KHCO3 (2) 2. K2003 (3)
3. K2CO3 3. NaD (7) 3. KD (4)
4. KD 4,,, K2003 (3) 4. K2Sn(OH)4C204 (5)
5. K2Sn(OH)4C204 .a. K25n(OH)4C204 (5) 5. NaD (7)
6. A1(OH)3 6. KD (4) 6. A1(OH)3 (6)
7. NaD 7. A1(OH)3 (6) 7. SnIx (1)
8. K2SO4 8. K2SO4 (8) 8. K2SO4 (8)
9. K3A1F6 9. K3A1F6 (9) 9. K3A1F6 (9)
* Rankings at 4t00°C are shown in parentheses after cmupound.
I
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ly for tin iodide. This latter compound is most effective at 400 °C and
c' virtually ineffective at 600°C, a facet of its behaviour that reflects the
volatility of the pure substance, and the temperature dependence of its
vapor pressure. Equally dramatic is the change in ranking seen for NaD be-
tween 400 0 and 500°C; apparently the temperature dependence for NaD exhibits
a maximum in the curve, and this system is "activated" as the temperature
rises. However, the rank-ordering at 400 0 or 500°C are substantially alike,
and resemble the rank-ordering already presented at 700°C for air combustion
(Table 11).
MULTI-COMPONENT SYSTEMS AS EXTINGUISHAI]7'S : We have discussed already the
possibility that flame extinguishment capability ("knock-down") may not be
commpatible with long term time control ("inhibition") of flammable situa-
tions. Further, an extinguishant that works well at low fire tempera-
tures (400-600°C) may not prove to be effective at higher temperatures
(600-900 0C), a demonstrated fact emphasized by data in Tables 11 and 12, and
clearly illustrated	 in Figure 24 for tin iodide. Although B203 did not
provide any enhapcenent of fire control properties when admixed with potas-
sium dawsonite at 10% W/W (see Table 12), we believe . that tte principle of a
component added specifically to help the dry chemical adhere to the heated
ice is still a viable one, and will be tested further in the Dynamic
iblage (Section V). Moreover, this concept is more pertinent to real
rations involving high speed air flaws across the hot surface, and rapid
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removal of the extinguishant powder from contact with the ignition source.
For these reasons, we believe: that a multi-component system will become
essential for effective fire a"xmtrol in various situations and scenarios.
We have shown that sodium and rotassium dawsonites have intrinsic fire
control capabilities superior to other systems, ccnanercia.i, or sy, Ihetie.
This can be attributed partly to the chemical structure which allows better
control over the thermal activ,-Alon of the extinguishant powder. Equally,
it is quite clear that i(Aides exer', predictably so, considerable influence
over flammable situations, providing the best long term control so far ob-
served. It seemed ptvdent, therefore, to initially test mixtures of various
iodides with these dawsonites, and other carrying agents or matrices such as
aluminum hydroxide. Details of these iodide doping experiments are given in
the next section.
USE OF IODIDES AS ADDITIVES: Data for both oxygen-enriched atmospheres and
air combustion (Tables 8 to 13) clearly indicate the superiority of iodide
salts as long-term fire control agents. This is an effect that can be
pre-ir•4ed a priori from two properties of these comF,ounds. Firstly, iodides
are volatile (typically, tin iodide has a melting paint of 320 0 and a boil-
ing point of 717°C listed for Sn(II) iodide) and their vapor pressures at
the temperatures used for testing are significant, thus producing appre-
ciable vapour phase Concentrations of the molecular species. Secondly,
iodine is known to be an excellent gas phase, and liquid phase, scavenger of
t,
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free radicals, ions, and molecular fragments. Moreover, most metal-iodine
bonds are weak, e.g. Sr-I at ca. 40 kcal/mole; thus, allowing free iodine
(atoms and/or ions) to be released into the gas phase and contribute sign-
ficantly to homogeneous scavenging and radical-recombination catalysis
reactions involving flame precursors. However, because these iodides are
volatile, their performance at high temperatures is poor, since they are
volatilized fas%. and thus lost from the plate surface and/or system too
quickly to provide long-term control.. 'Typically, Snlx has virtually no
fire control capability at temperatures in excess of 750°C.
It was not immediately obvious whether the metal ion itself produced
beneficial effects, since it has long been known that if a sodium salt has
good fire control properties, the potassium analog would be superior; for
example, sodium bicarbonate and potassium bicarbonate, sodium chloride and
potassium chloride, sodium and potassium iodides. Further, some zero-valent
metals are themselves inherently good fire control a gents, eg. lead as an
anti-knock agent, and tin has been postulated as a fire control system (most
elements exhibiting multiple valences appear to have fire control properties
to some degree); Also, the other halogens are known to be gas phase
scavengers too, and this aspect needed further investigation. Accordingly,
tin chloride was tested relative to tin iodide, and found to be vastly
inferior; similarly KC1 was found to be inferior to KI, and NaCl far
inferior to Nat, in performance. Moreover, tin oxide exhibited poor fire
control performance when tested alone, and did not enhance the properties of
A1(OH)3 when mixed at 10% w/w ratios, nor did it enhance Uie effectiveness
Iodide Additives to Aluminum Hydroxide: A .;eguence of mmuxtures containing
varying amounts by weight of both SnIx i;1	 Al(OH)3, and	 KT	 in A1(OH)3,
was tested for air-oxidation of JP4 fuel in the range 750 0-500°C. These
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of potassium dawsonite when added at 208 by weight; thus precluding a
significant contribution from the metal ions in each case. The inescapable
conclusion is that the iodine is providing the main contribution to long-
term fire control ability. It was therefore decided that mixtures of var-
ious iodides should be tested with other .systems to try and reduce the
volatility via a "blanket" effect, and thus prolong the fire control ability
(re-ignition delay) at higher temperatures.
Tin Iodide and Potassium Sulphate Mixtures: Data in Table 12 indicated the
poor performance from K2SO4 alone, and mixtures of Sn''x in K2SO4
produced a direct additive increase in performance as the concentration of
SnIx in the K2SO4 was increased. These data arc sh,: - in Figure 27
for oxygen enriched atmospheres in the temperature range 400 - 500°C.
One interpretation of these data merely indicates that the K2SO4 is
"diluting" the effect of SnIx, as no increase in performance is seen from
either system, and the dependence of the re-ignition delay on a molar ratio
is akin to Raou lt's Law for vapour pressures of regular solutions, ex-
hibiting no maximum or minimum corresponding to an enhancement or inter-
action of properties by the other caponent.
80
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data are shown in Table 14, and appear to indicate that, unlike for
K2SO4 above, each system is improved by the other component, since
re-ignition delay data as a function of calm osition exhibit a maximum in
each case. This mutual enhancement is referred to herein as a "syn-
ergistic" effect, since the properties of the mixture are better than the
direct sum of individual contributions from the components.
Iodide
	
Additives
	 to Dawsonites: Since aluminum	 hydroxide is	 not a
particularly effective fire control agent in-its own right, we decided to
see whether this synergistic effect was demonstrated for two of the better
systems tested, the sodium and potassium dawsonites. Accordingly, mixtures
of iodide at varying proportions by weight with each of the two dawsonites,
were tested individually. These data are shown in Tables 15, 16, and 17.
2b show that the identity of the halide scavenger is of paramount import-
ance, data for a 50% w/w mixture of KC1 in potassium dawsonite are also
shown in Table 17 for direct comparison with KD/KI mixtures. It is obvious
from these data that the synergistic effect is very strong indeed, ex-
emplified by the data at 800 °C for NaD/SnIx mixtures,	 and clearly il-
lustrated in Figures 28, 29, and 30.
Although preliminary experiments were conducted with NaI, and NaI as an
additive, these were later abandoned in favor of KI additives even though
the re-ignition delays produced were exceptionally favorable. Sodium iodide
is known to be strongly hygroscopic, obviating any sensible storage re-
quirements immediately, and was not considered further as either a single
component or an additive.
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TABLE 14	 RE-IGNITION DELAY DATA FOR MIXTURES OF ALUMINUM-HYDROXIDE
WITH TIN .IODIDE AND WITH POTASSIUM IODIDE
COMPOSITION ( B U L K Al (OH) 3 + SnI x
	
I Al (OH) 3 KI
OF MIXTURE ( DENSITY I
I	 (gm/ml)
I
750°C 800°C I
I
750°C 800°C
^^
100% Ai(OH)3 I	 1.58 82+20 18+6	 ( 82±20 18+6
1% w/w iodide I	 1.33 60+10 15+2	 I 103+12 15+3
5% w/w iodide I	 1.45 112+25 30+9	 I 80+15 40+4
10% w/w iodide I	 1.49 157+40 35+4	 ( 233+60 70+7
20% w/w iodide I	 1.60 154+40 45+5	 I 442+140 96+9
100% iodide I	 3.26
I
102+40 19+2	 (
I
100+30 16+6
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TABLE 15	 RE-HNITION DELAY DATA FOR SODIUM DAWSONIZE/ IN IODIDE
MIXTURES IN THE TEMPERATURE RANGE 700-900 *C
COMPOSITION BULK NaD + SnIx Mixtures
OF MIXTURE DENSITY Re-ignition Delay Data in Seconds
(9/ml) 700°C 750°C 800°C 900°C
100% NaD 0.87 296+50 170+50 29+5 6+3
1% iodide 0.88 238+25 71+7 14+2
5% iodide 0.89 489+50 157+16 19+2
10% iodide 0.93 >900 600+60 201+30 27+2
20% iodide 1.04 600+60 320+65 35+5
40% iodide 374+45 32+4
60% iodide 510+90 52+5
80% iodide 20+4
100% iodide 2.69 380+80 102+40* 19+2 zero
100% KI >900 100+30 16+6 zero
* SnIx at 725°C 244+40 seconds.
SnIx at 775°C 58+6 seconds.
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TABLE 16	 RE-IGNITION DELAY DATA FOR POTASSIUM DAWSONITEAIN IODIDE
MIXTURES IN TIE TEMPERATURE RANGE 700-900°C
COMPOSITION BULB KD + SnIx Mixtures
OF MIXTURE DENSITY Re-ignition Delay Data in Seconds
(9/ml) 700°C	 750°C 800°C 850°C 900°C
100% KD 0.87 153+15	 81+18 30+6 19+3 10+4
1% iodide 0190 193+35 89+15 20+2
5% iodide 0.88 412+30 162+15 35+7
9% iodide 0.88 >900	 520+52 113+20 58+6 51+3
178 iodide 0.96 >900 143+14 105+11 63+5
100% iodide 2.69 380+80	 102+40* 19+2 zero
* SnIx at 725°C has a re-ignition delay of 244+40 seconds.
SnIx at 775°C has a re-ignition delay of 58+3 seconds.
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TABLE 17	 RE-IGNITION DELAY DATA FOR POTASSIUM OAWSOUTE/POTASSIUM IODIDE
MIXTURES IN THE TEMPERATURE RANGE 700- 900`(r
COMPOSITION BULK KD + KI ;Mixtures
OF MIXTURE DENSITY Re-ignition Delay Data in Seconds
Wml) 700°C	 750 °C 8000C 850°C 900 °C
100% KD 0.87 153+15	 81+18 30+6 19+3 10+4
1% iodide 1.20 188+40 24+2 10+2
58 iodide 1.21 517+130 57+9 14+2
9% iodide 1.30 >900	 548+70 107+13 27+3 18+6
16% iodide 1.32
20% iodide 776+30 155+14 17+2
50% iodide 160+30
100% iodide >900*	 100+30 16+5 10+4 zero
KD/KC1 50/50 1.28
	
28+9	 19+3	 11+4
* KI at 725°C has a re-ignition delay of 280+30 seconds.
i
f
	
	
^,
w.
600
N
7
iO
r 500N
i%
A
400i0
e
0 300
o:
200
100
0
100
NaD/Snlx at 7500C
NaD/Snlx at 800'C
#
0	 20	 40	 60	 80
100
	
80	 60	 40	 20
Composition at matrix
100 % Iodide
0 % Matrix
FIGURE 28;	 THE "SYNERGISTIC" EFFECT SEEN IN FIRE CONTFOL PROPERTIES FOR
SODIUM DAWSCNITE DOPED WITH TIN IODIDE AT VARIOUS TEMPERATURES.
;a^
600
N
Q
Y 500N
b%
A
-0 400
C
O_
M_Q
300
m
200	 1
1#
100	 I /+
II
101
F
800
700
0
0	 20	 40	 60	 80
	 100 % Iodide
100
	 80	 60	 40	 20
	 0 % Matrix
% ComposiVon of matrix
FIGURE 29:	 INE "SYNERGISTIC" EFFECT SEEN IN FIREE CONTROL PROPERTIES FOR
POTASSIUM OAWSONITE DO PED WITH TIN IODIDE
AT VARIOUS TEMPERATURES.
M
P
102
	
s
0
800
700
600
M
7
C
O
r .x'100M
f^
w
-ei 400
CO
CV
300
o:
200
KD/ kJ at 750 %
KD/KI at 800T
100
0
0	 20	 40	 60	 SO
100	 80	 60	 40	 20
% Composition of matrix
100 % Iodide
0 % Matrix
FIGURE 30: THE "SYNERGISTIC" EFFECT SEEN IN FIRE CONTROL PROPERTIES FOR
POTASSIUM DAWSCUITE DOPED WITH POTASSIUM IODIDE
AT VARIOUS TEMPERATURES.
103	 '
Since synergism implies non-additivity of properties in the normal man-
ner, indicating that some interaction has occurred, it is necessary to ex-
plore the system more thoroughly in an attempt. to elucidate a possible
mechanism= this will be described in the next Section ("A New Concept in
Fire Control").
A NEW COWEPT IN FIRE C7MTROL: The synergistic effects seen in the data for
iodide additives to dawsonites and aluminum hydroxide clearly indicates that
some form of interaction has occurred between the matrix and tt ►o: addiOove.
This synergism displayed in Figures 28- 1.0 is similar in opncept tc, the non-
ideal behavior of vapor pressures correlated by Raoult's Law deviation ef-
fects. It is postulated that the volatility of the additive has been sup-
pressed in some way by the matrix carrier, thus slowing its release from the
carrier and producing long term time control of the flammable environment.
It was thought initially that some form of ir ►oi Wnic crystal clathrate or
inclusion complex had been formed in-situ on the plate surface, an effect
akin to the micro-encapsulation process utilized in pharmacological scienc:_is
to provide time controlled release of drugs. In this case, formation of a
crystal inclusion complex that is slowly broken down by thermal effects re-
leasing the fire control additive slowly as the crystal structure is de-
graded.	 If this hypothesis were true, then heating the matrix plus additive
solids together prior to use would produce the micro-encapsulation effect
sought ahead of time, and thus would produce an effective long term control
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agent for the fire. This hypothesis was tested using the same compounds
used originally to produce the physical mixtures, acoocdingly, sodium and
potassium dawsonites were groun;! (100% pass #325 ASZM sieve) and mixed 4,, :h
varying proportions of tin iodide (also 100% papa #325), heated together .it
ca. 300°C in the presence of ca. 400 psig 002 gas (to prevent
decomposition of the dawsonites) for 12-24 hours. This process we refer to
as "calcining" or "calcination". Re-ignition delay data for these calcined
solids are presented in Tables 16 and 1.9. Comparison of these data with
those already presented in Tables 15 and 16 for physical mixtures, shows
that little or no enhancement, of the fire control properties occurs on
calcining NaD with tin iodide, but that the high temperature fire control
properties of KD calcined with tin iodide, but that the high temperature
fire control properties of KD calcined with tin iodide are significantly
better than those for physically mixed solids. An effect that is expected
on the basis of our hypothesis.
Since NaD does not show significant performance gain on calcination
with tin iodide, perhaps reflecting the "softer" matrix compared to KD
(therm-gravimetric analyses indicate that NaD decomposes at 240-260°C, and
KD at 290-320 0C), we  decided to ev,z;vnine calcination effects in KD further,
together with calcination procedures in Al(CH)3, A100H, and Al203
matrices. Data in Table 17 also indicated that KI was a more effective
dditive even than tin iodide, and we have crnfined this phase of the
nvestigation to KI additives alone. Additional re-ignition data for
,arious calcined solids are given in Table 20. For comparative purposes,
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TABLE 18 RE-IGNITION DELAY DATA FOR CALCINED MIXTURES OF SODIUM DA6W,'1TF
AND TIN IODIDE IN THE TEMPERATURE RANGE 700'-900 °C
M COMPOSITUA!	BULK	 CALCINED NaD/Snix MIXTURES
OF CAL TNED
	
DENSITY	 Re-ignition Delay Data in Seconds"
SOLID MIXTURE	 (9/ml)	 700°C	 750°C	 800°C	 900°C
1008 NaD 0.87
R
296+50	 170+50 29+5 6+3
18 iodide 0.89 .154+6(15) 46+10(15) 14+3(5)
58 iodide 0.88 259+42(15) 143+16(15) 19+4(5)
108 iodide 0.89 450+60(15) 214+20(15) 41+15(5)
208 iodide 0.94 400+40(15) 217+60(15) 34+6(5)
1008 iodide 2.69 380+80	 102+40 19+2 2+2
* By weight.
Mean + Standard Derv; tion (Nwter of Data Points) .
106
TABLE 19
	
	
RE-IGNITION DELAY DATA FOR CALCINFD MIXTURES OF POTASSIUM
DAWSONITE AND TIN IODIDE IN THE TEMPERATURE RANGE 7000-900 °C
COMPOSITION* BULK CALCINED KD/SnI2 Mixtures
OF CALCINED DENSITY Re-ignition Delay Data in Seconds"
SOLID MIXIWE (g/ml) 700°C	 750°C 800°C 900°C
100% KD 0.87 153+15	 81+18 30+6 10+4
18 iodide 1.00 67+9 36+8 10+3
58 iodide 1.07 306+100 116+25 37+6
108 iodide 1.40 500+100 2°i0+40 50+5
208 iodide 1.26 550+50 340+40 53+7
1008 iodide 2.69 380+80	 102+40 19+2 2+2
* By weight.
Mean and Standard Deviation (Number of Data Points).
.a	 3
r
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TABLE 20	 RE-IGNITION DELAY DATA FOR VARIOUS CALCINED SOLIDS AND PHYSICAL
MIXTURES OF POTASSIUM DAWSONITE AND ALUMINUM CERIVATIVES
WITH PMASSI°UM IODIDE.*
Bulk 750*C 800°C 900°C
Density
9/ml
Aluminum Oxide (Al203) 1.07 28+12 7+3 zero
Al203 + KI (mixed solids) 1.14 >900 388+31 14+8
Al203 • KI (calcined solid) 1.18 >900 557+92 50+12
A100H ("Boehmite") 1.01 48+25 5+2 zero
A100H + KI (mixed solids)
AlOOH • KI (calcined solid) 1.08 131+7 47+12 15+4
Al(OH)3 1.58 96+15 22+10 3+1
A1(OH)3 + KI (mixed solids) 1.49 233+60 70+7
A1(OH)3 • KI, (calcined solid) 1.13 72+3 47+8 8+1
KD 0.87 81+18 30+6 10+4
KD + KI 1.30 548+70 107+13 18+6
KD-KI 1.09 >900 665+44 50+14
KI 100+30 16+6 zero
*	 All mixtures, physical or calcined, contain 10% w/w KI in matrix.
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re-ignition delay data for individual components and for physical mixtures
of cwWnents are also given. To aid in interpreting Table 20 1 note that we
use the nomenclature "KD+KI" to denote a physical mixture of the two solid
cotTiponents, and "KD-KI II to denote the calcined solid obtained by heating
both solid components in contact with each other. It should also be noted
that the dawsonites can be synthesized by these high temperature high
pressure solid phase reactions ("calcination"), and that this forms a new,
hitherto unreported, method of preparing dawsonites in high yield
product-clean processes. In general, we form the KD-KI calcined solid by
calcining the correct stoichiometric quantities of KHCO3 and Al(OH)3 in
the presence of the requisite weight % of KI in one step.
The data in Table 20 indicate that KI is an extremely effective additive
when calcined with either Al203 or KD, and additional data were 001-
lected for re-ignition delays induced by KD • KI calcined solids containing
varying proportions of KI. These data are shown in Table 21, and for com-
parison purposes, the Al203•KI calcined solid with 108 w/w of KI are
re-presented in the same Table. It is apparent that a 108 iodide salt
content (S4.  78 iodine content) is reasonably close to an optimum value, and
that these two calcined solids (Al203•KI and KD • KI) form the most
effective fire control agents tested by us in this static assemblage.
These data amply support the hypothesis put forward initially that
calcination impedes the loss of fire control additive (in this case, iodine,
from a potassium iodide precursor), providing long term control of the flam-
mable situation by slowly releasing small quantities of the fire control
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TABLE 21	 RE-IGNITION DELAY DATA FOR POTASSIUM DAWSONITE CALCINED WITH
VARIOUS PROPORTIONS OF POTASSIUM IODIDE.
Bulk 750°C 800°C 900 °C
Density
9/ml
KD 0.87 81+18 30+6 10+4
KD • KI (1% calcined solid) 1.09 4b6+79 87+9 26+2
KD• KI (5% calcined solid) 1.03 >900 332+40 30+4
KD • KI (108 calcined solid) 1109 >900 665+44 50+14
KD• KI (20% calcined solid) 1.36 >900 >900 54+15
KD• KI (30% calcined solid) 1.36 >900 >900 54+15
Al203 • KI (10% calcined solid) 1.18 >900 557+92 50+12
KD • KI (10% calcined solid) 1.09 >900 665+44 50+14
KI 100+30 16+6 zero
* All mixtures, physical or calcined, contain 10% w/w KI in matrix.
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agent through thermal activation. One can thus envisage the situation where
the exact properties of an extinguishant can be "tailored" to suit any type
of flammable situation. In particular, for large conflagrations such as
forest fires, large concentrations of the fire control agent are needed
initially to provide good "knock-down" capabilities, since rationally, it is
not expected that this type of fire will re- ignite once extinguished and
long term time control is unnecessary. However, for hot surface or elec-
trically initiated fires in the p:^esence of a continuous fuel source (e.g.
engine compartment fires for internal combustion engines), re-ignition is
continuous in the absence of an extinguishant. Thus, the extinguishant
should degrade thermally to produce sufficient agent to control the fire,
but no more, allowing slow consumption of the extinguishant to provide long
term time control of the flammable environment. It is possible that a
second additive may be needed to produce good "knock-down" capabilities, or
that this facet of control can be provided from the matrix carrier itself.
ON THE NATURE OF TIN IODIDE DOPED SOLIDS: It is pertinent at this point to
comment briefly on the nature of tin iodide doped solids,, especially
calcined solids. As mentioned above, the commercially supplied tin(II)
iodide was found (via X-ray diffraction spectrometry crystal analysis) to
contain large and varying proportions of tin(IV) iodide. Tin (II) iodide is
irticularly sensitive to air oxidation, moisture, and light induced re-
.tions. One point noted early on in the investigation was that the phys-
;al mixtures of SnIx with any matrix were distinctively colored (pink to
deep orange, depending on concentrations of Snlx added). After calcina-
tion, these solids were virtually colorless. Moreover, thermogravimetric
analysis of these calcined solids exhibited quite different character's
 tics
to the physical mixtures. After extensive investigation (described in Sec-
tion IV) it was found that the calcined solid no longer contained any tin
iodide at all, merely an amorphous colorless hydrated tin oxide ("stannic
acid"), and potassium iodide (also colorless). Indeed, in retrospect, the
fire	 control properties of	 tin	 iodide doped KD calcined	 solids
	
mimic
quantitatively those of KD • KI calcined solid, as they should,	 since the
presence of KI (quantitative conversion based on tin iodide concentrations)
in the calcined solid is now firmly established and quite unambiguous. Thus,
the use of tin iodide as a dopant was discontinued immediately, and cannot
be recomirended in any way for use as a fire control additive, nor will it be
considered further.
ON THE NATURE OF THE CALCINED SOLID:	 It was initially proposed that the
calcined solid was some form of inorganic crystal clathrate or inclusion
complex. However, examination of KD •KI and Al203-KI by thermo-
gravimetric analysis (7GA) discloses that the properties of the calcined
solid are additive properties of the components, and not a distinctive new
species. Further, X-ray diffraction crystal analysis shows quite un-
wbiguously that the calcined solid is merely an intimate mixture of both
:omponents, and no new crystalline form can be detected. Thus the ex-
Dlanation for the vigorously enhanced fire control properties must lie else-
is
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where, since the hypothesis of micro-encapsulation via a new crystal inclu-
sion complex is no longer tenable. However, the concept of reducing the
i^ 
volatility of the additive by the carrier matrix is still acceptable and
does provide a good explanation for the observed facts. The exact mechanism
of this volatility control is not presently understood, although we can adv-
ance one possible explanation for the observed behavior.
In making the calcined solid, as compared to simple mixing of two sepa-
rate solid phases, and particularly for the situation where KD is syn-
thesized in the presence of KI, an extremely intimate mix of particles is
produced. The minor component, KI, will find itself in an environment
dominated by KD, and each KI particle will be in excellent thermal contact
with a larger molecular total of KD. Om warming t1he whole system, preferen-
tial thermolysis will occur for the major component, and since KD de-
composition is severely endothermic, little or no heat energy will be avail-
able for volatilizing KI and/or thermal activation of KI. Thus, the effect
postulated as being essential for long term control, that of volatility re-
duction, can equally be accomplished via this "heat-sink" hypothesis, rather
than the "micro-encapsulation" process envisaged initially. It might be
inferred, therefore, that calcination procedures could perhaps be replaced
by a process where the dcpant is dissolved in a suitable solvent, allowed to
wash the carrier matrix (obviously the matrix should be insoluble in the
solvent), and then evaporation of the solvent could leave all carrier
aarticles coated with the dopant additive. This procedure, analogous to
that used to coat stationary phases onto GLC (gas-liquid chromatography)
ef
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support materials for GEC columns, has not yet been tried.	 Further, it is
possible that a suitable molecular sieve could be found whose pore size
R
would hold a dopant molecule, or perhaps merely the active (iodide/iodine)
moiety of the additive itself. 	 Equally, a polymeric anion exchange sub-
e.
strate loaded with an iodide anion may provide similar volatility reduc-
_ tions, provided that the polymer was non-flammable and thermally stable.
These processes would reduce volatility by many orders of magnitude.	 The
remaining adjustments needed for tailoring an exact fire control agent to
I
the situation would be to synthesize a suitable molecular sieve (usually
naturally occurring zeolites) or matrix carrier whose thermal degradation
temperature was matched to those of the fire. 	 This process would more
2	 .e
closely resemble the "micro-encapsulation" concept advanced by us earlier.
For example, two molecular sieves widely oskl in gas chromatographic (GC)
i techniques for gas separations are M.S. 5A (5 angstrom pore size) and M.S.
13X (10 angstrom pore size).	 Data from these approaches are not presently
available for this Report.
SUMMARY OF DATA - STATIC TESTING ASSEMBLAGE: The primary purpose of this
investigation was to test various existing dry chemical fire extinguishants,
to synthesize new ones where posssible, and to provide a pceliminary ranking
A their effectiveness with regard to fire control (particularly, hot sur-
face initiated fuel fires) prior to dynamic testing procedures and evalua-
tion. A secondary purpose was to recommend potential systems for further
study via a dynamic fire test simulator, and to finally recommend systems
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ccgmtible with the criteria delineates in the previous sections ("Choice of
Potential Systems"). Re-iterating the primary controlling criteria, the
fire control chemicals should (see Table 1):
I. Be stable to storage at 260°C For advanced systems (120°C for cur-
rent vehicles).
2. Possess no hygroscopic or efflorescent properties greater than 5%
weight changes.
3. Induce a re-ignition delay in a JP-4 fuel fire of greater than :00
seconds at a hot surface temperature of 800°C, and possess "knack-down"
capabilities for the flame in addition to long term time control.
To test for storage capabilities at temperatures up to 260°C we have
simply tested our solid dry chemicals for resistance to thermal degradation
by using thermogravimetric analysis (TGA) techniques. Equally, hygroscopic
and efflorescent properties were tested directly by weighing powders before
and after exposure to air saturated with water-vapor, and to dry air. We
may then extract re-ignition delay data from the Tables presented (3-21,
inclusive), and rank them subject to the criteria delineated. In view of
the comments given for tin iodide, data for mixtures containing thi,%, com-
pound have not been inclWed in this section. We also use the term
"MARGINAL" herein to imply that the compound formulated will meet all re-
quirements except storage at 260 °C (for advanced systems), but will meet
storage requirements for current aircraft	 (storage
	
to 120°C) rather than
those predicted for advanced vehicles.
F
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We have chosen to present our data summary in the form of two tabular
presentations: Firstly, a rank-ordered presentation of al]. data observed
for oonT ounds tested in the static combustion assemblage, ranking according
to their performance in controlling a JP-4 fuel fire at a nominal
temperature of 800°C as measured by the magnitude of the observed
re-ignition delay induced by a 10 g sample (arbitrarily chosen sample size).
For convenience, sequences involving varying proportions of an additive have
been grouped together. It is possible that one member of one group is out
of sequence relative to another member of a group above and/or below it. A
certain degree of subjective value judgement has been exercised by the
authors in ranking group sequences relative to each other. In the light of
comments made concerning tin iodide, data for calcined samples of matrices
containing tin iodide have been deleted from consideration, although
physical mixtures are presented. These data are presented in Table 22,
where we also indicate suitability with respect to both current and advanced
specifications for storage as delineated in Table 1.
Secondly, we present data for only those systems that produce a
re-ignition delay of 300 seconds (arbitrarily given limit) or nere, and also
meet the storage requirements. These data are presented in Table 23.
In summary, only two systems, KD calcined with KI, and Al2O3
calcined with KI, meet the strict requirements delineated by the original
terns of the investigation. These systems will be tested experimentally in
the Dynamic Combustion Assemblage, and data for these compounds and others
will be presented in Section V of this Report (authored by Professor D.J.
Myronuk of San Jose State University (SJSU) and edited by Professor Alan
Ling of SJSU).
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TABLE 22 DRY CHEMICAL FIRE EXTINGUISHAMS RANK-ORDERED ACCORDING TO THEIR
PERFORMANCE IN INDUCING A RE-IGNITION DELAY AT 800°C AND
s
CONMI LING A JP-4 FUEL FIRE
Rank Re- gni t oR Storage Suta^^3 i t (IT
at Dry Chemical System(1) Delay Current Advanced
800°C (seconds) 120°C 260°C
1 KD•KI
	
18 iodide 87+9 YES YES
Calcined Solid	 58 iodide 332+40 YES YES
108 iodide 665+'44 YES YES
208 iodide 449+32 YES YES
308 iodide >9u0 YES YES
2 Al	 r KI 108 iodide 557+92 YES YES
Calcined Solid
3 Al203 + KI 108 iodide 388+31 YES YES
Solid Mixture
4(3) NaD + SnIx 18 iodide 71+7 MARGINAL NO
Solid Mixture 58 iodide 157+16 MARGINAL NO
108 iodide 201++30 MARGINAL NO
208 iodide 320+65 MARGINAL NO
40% iodide 374+45 MARGINAL NO
608 iodide 510+90 MARGINAL NO
80% iodide 20+4 MARGINAL NO
5 KD + KI 18 iodide 24+2 YES YES
Solid Mixture 58 iodide 57+9 YES YES
98 iodide 107+13 YES YES
208 iodide 155+14 YES YES
6 KD + SnIx (4) 18 iodide 89+15 MARGINAL NO
Solid Mixture 58 iodide 162+15 MARGINAL NO
108 iodide 113+20 MARGINAL NO
178 iodide 143+14 MARGINAL NO
7 A1(OH)3 + KI 18 iodide 15+3 YES MARGINAL
Solid Mixture 58 iodide 40+4 YES MARGINAL
108 iodide 70+7 YES MARGINAL
208 iodide 96+9 YES MARGINAL
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Table 22 (continued)
Re-Ignition Storage Suitability-P
at Dry Chemical System(1) Delay Current Advanced
800°C (seconds) 120°C 260°C
8 Al(OH)3•KI 10% iodide 47+8 YES MARGINAL
Calcined Solid
9 A10OH•KI 10% iodide 47+12 YES MARGINAL
Calcined Solid
10 Al(OH)3 + Snix 1% iodide 15+2 YES MARGINAL
Solid Mixture 5% iodide 30+9 YES MARGINAL,
10% iodide 35+4 YES MARGINAL
20% iodide 45+5 YES MARGINAL
11 NaI 90+25 NO NO
12 9RCO3 Ansul Corp. "Purple-00' 38+8 MARGINAL NO
13 KD 30+6 Yc;S YES
14 X2003	 Ansul Corp. <30+10> NO NO
15 NaD 29+3 MARGINAL NO
16 SnI x .19+2 NO NO
17 XD + KCl	 50% w/w 19+3 YES YES
18 A1(OH)3 18+6 MARGINAL NO
19 XD + B203
	
10% w/w 18+5 YES YES
20 KI 16+6 YES YES
21 KHO03-UreaS
	 I.C.I. "Monnexe" 9+2 MARGINAL NO
KC1 <9+4> YES YES
22 NaCl 8+3 YES YES
Na2W04 8+2 YES YES
lie
Fable 22 (continued)
at Dry Chemical System(1) Delay Current Advanced
800°C (seconds) 120°C 260°C
23 Al2O3 7+3 YES YES
24 Al" 5+2 MARGINAL NO
SnClx • 2H2O <5+3> NO NO
Na2WO4 . 2H2O <5+3> NO NO
25 Snox•nHZO <4+2> NO NO
K3A1F6 <4'+2> YES YES
H3BO3 <4+2> NO NO
26 NH4H2PO4	 Ansul Corp. <3+2> NO NO
N14H2PJ'4	 PyroChem Corp. <3+2> NO NO
B2O3 3+2 YES YES
K2SO4 <3+2> YES YES
27 CI4 <zero> NO NO
(1) Nomenclature "KD + KI" implies a simple physical mixture, whereas
"KD • KI" implies a calcined solid.
(2) As delineated in Table 1.
(3) Subjective value judgement exercised by Authors in ranking complete
experimental sequences of data.
(4) Snlx implies unspecified mix of SnI2 and SnI4; and in general a
mix of tin(II) and tin(IV) oxidation states.
(5) A carbamate condensation product between these two species.
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TABLE 23
	 WIAL DRY CHEMICAL FIRS EnINWISHANTS MT SATISFY THE
STORAGE MIREME3 IS AND PRODUCE A RE-IGNITION DELAY
GREATER THAN 300 SECONDS AT 800•C*
Rank Re-Ignition Stor	 t Suitability
at	 Dry Chemical System Delay Current Advanced
800°C (seconds) 120°C 260°C
1	 KD • KI	 Calcined Solid	 58 iodide 332+40 YPIS YES
108 iodide 665+44 YES YES
208 iodide 449+32 YES YES
308 iodide >900 YES YES
2	 Al203 • KI Calcined Solid .108 iodide 557+92 Tes YES
3 Al203+KI Solid Mixture 108 iodide
	
388+31	 YES	 YES
" It is possible that some calcined mixtures of NaD • KI will also meet
the criterion of 300 seconds re-ignition delay time, but NaD is of
marginal suitability for current storage requirements and unsuitable
for advanced systems.
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M SYNTHESIS AND CHARACTERIZATION OF POTASSIUM MWSONITE AND IODIDE DOPED
POTASSIUM DAWSOUITE
PRIOR LITERATURE: Although numerous references have appeared in the
technical and patent literature concerning the preparation,
characterization, structure, properties, and uses of Dawsonite (sodium
aluminum dihydroxide carbonate, NaAl(OH)2003), a naturally occurring
mineral, considerably less attention has been directed at the potassium and
other alkali metal analogs. The first references to the potassium analog
were in the German patents issued in 1882 and 1892 (51,52). This and
subsequent literature dealing in whole or in part with the potassium analog
of Dawsonite address one or more of the following aspects: synthesis and
composition (44-46,49-52,54-56); integral th:rmogravimetric analysis (TGA),
differential thermogravimetric analysis (DTG), differential thermal analysis
(DrA) (47,54,56); infrared analysis (45,48,54,56); solubility and
hydrolytic decomposition properties (53,57), and X-ray diffraction
characteristics (45,47,54,55).
To date, all;published procedures for the synthesis of the potassium an-
alog involve solution methods where the aluminum component is derived from
one of Vie folloving: elemental aluminum (54), Gibbsite (44,54), aluminum
hydroxide (44,49,50,54), aluminum salts (45,46,49-52) or aluminum
alkoxylates (49,50). The aluminum component, either as a solid, liquid or
aqueour solution, is usually combined with an aqueous carbonate and/or
bicarbonate system. The composition of the precipitated product, depending
on solution temperature during the synthesis, corresponds to a substance
having either the formula KA1(OH)2CO3.1/2H2O or KA1(OH)2CO3 i
 the
1
_^...,...^... ce	 ^-. _.._. ...	 ... ....,^.	 -..	 ..	 .. ..^.J.. ..e. .,..o ....v .^....sr. .a.	 ... 11^uaGi^¢a.rau 	V.^Ih^uC ^......,....,^,...... . ....	 ....	 u.. -,.._.. _...^ti^........^..Y.aiwv ^... ^r...^ w .,.	 .. _..,, avS
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latter being formed at higher solution temperatures (44,54) and the former
capable of dehydration to the latter upon heating to about 100°C (47).
Based on integral and differential theximgravimetric analysis data as
well as differential thermal analysis, it has been suggested that the com-
position of the potassium analog of Dawsonite is consistent with the formula
KA10(OH)HCO3 i
 as opposed to KA1(OH)2CO3 (47). The final product in a
canplete thermal decomposition of KA10(OH)HOD3 has been shown to be potas-
sium aluminate (47). The overall reaction can be formulated as follows (see
Figure 31 for typical TGA, DIG and DTA profiles for the potassium analog
(47,54) of Dawsonite):
KA10(OH)HCO3 — ) KA102 + H2O + 002
A detailed study of the differential 'thermal analysis and isothermal
integral weight loss data as given in Reference 47 is in accord with the re-
action sequence shown in Table 24. (NB - for convenience the stoichiometry
of the potassium analog of Dawsonite will be expressed as KHO03-
•A10(OH)).
The infra-red spectra and hand frequencies as published in References
44, 45, and 48, and shown in Table 25, are essentially analogous. In ad-
dition to the strong or very strong stretching vibrations of the -(OH)n
groups in the 3400 cm-1
 region, it is observed that all four normal
.oval modes of the planar carbonato group are active. It is concluded
-)e very strong frequencies in the 1540 and 1400 cm7 1
 regions re-
the	 strongly	 split	 asyam tric
	
stretching
	 frequencies
t,'
i I	 I	 T(-C)
100
	 280930
	 720
to to
	 to29C 354
	 725
FIGURE 31: TYPICAL INTEGRAL, DIFFERENTIAL GRAVIMETRIC, AND DIFFERENTIAL,
THERMAL ANALYSIS CURVES FOR THE POTASSIUM ANALOG OF DAWSONITE
(based on References 47 & 54)
TABLE 24	 THERMOLYTIC DEGRADATION OF POTASSIUM DAWSONITE
- POSTULATED MODEL -
Cumulative
 Theoretical
Experimental Weight Loss/Step Equation OTA
Weight Loss (cumulative)
(Rot. 47)
100• • 270•C
1.781 0% 8[KHCO3•A10(OH))
	 —>	 BIKHCO3-A10(OH)I' gradual
endotherwlc
transition
270 • • 370+C
23.601 22.25 8(KHCO3•A10(OH))'
	 -->
492CO3 . 2Al203 . 0100)
	 +	 6H2O	 +	 4CO2 large
sharp
endotherm
370• • 670•C
9.71 4K203.2Al203.0100)
	 -->
C	 31.905 (31.91) 2K20.2K2CO3.01203	 +	 2H2O	 +	 2CO2
I
670• • 730'C
3.41 2K20. NCO 3 -Al2CO3	 --> small
35.405 (35.35) 3K2042CO3.01203	 +	 CO2 sharp
endotherm
730 0 - I000"C
3.41 3K20-92CO3.4Al203
	 --> ---
39.005 (38.91) 4K20.01203	 +	 CO2 (or:	 8KA102	+ CO2)
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TABLE 25 FREQUE KIES ( in cm l ) AND ASSIGTMW OF THE PRINCIPAL
BANDS OF THE POTASSIUM ANALOG OF DAWSONITE
Reference 44 Reference 48 Assignment (48)
3440 3440 s OH Stretch
3412
1975 w
1825 vw
1540 1544 vs v6 Asymmetric
1408 1412 vs v5 Stretch
1102 1108 m vl Symmetric
Stretch
1000 1000 s
867 872 m v2 Out of plane
deformation
844	 848
	
w
764	 w	 v4 In plane
744	 deformation
660 mb
516	 s
470	 m
404 vw
s = strong
m = medium
w = weak
v = very
b = broad
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(v3-v5+v6), a presumed consequence of the carbonato lattice site sym-
met	 (48 ,56). Carbonato symmetric stretchiretry ymme g, out of plane and in plane
deformation (vl,v2 and v4 respectively) have been assigned in the case
of the potassium analog (see Table 25) (48).
The infra-red activity of the symmetry forbidden symmetric stretch vl
is attributed to its crystallographic site symmetry and a complementary
carbonato-hydroxo group hydrogen bonding relationship. The site symmetry
and hydrogen bonding relationship combine to confer upon the carbonato group
a "bicarbonate" like configuration. The "bicarbonate" like thermal decompo-
sition of the potassium analog (see Table 24) is thus in accord with its
infra-red properties, giving further credence to the representation of the
potassium analog as KA10(OH)HCO3 (47,48,56).
The potassium analog of Dawsonite is not subject to purification by re-
crystallization since optimum conditions for its formation require a high
KHCO3 K2003/Al203 ratio (44,54,55). It is also susceptible to
hydrolysis, yielding carbonates and bicarbonates in the aqueous phase and
amorphous Al(OH)3 in the solid phase (57).
X-ray powder diffraction characteristics for the substance with stoich-
icmetry KAlO^OH)HCO3 have been determined by two independent investiga-
tions (45,54). Neither investigation has reported unit cell dimensions,
indexing based on the lattice parameters, crystal class system or space
group assignment. Moreover, certain interplanar spacings not only lack
correlation between the two different studies, but even within one report-
ed study (54) spacings are not consistently observed. Table 26 summarizes
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TABLE 26 INTERPEANAR SPACINGS (in A.U.) FOR THE
FMASSIUM AN LOG OF DAWSONITE
(Reflections for 2 -Theta between 0 0 and 500)
Reference 54	 Reference 45
Specimen 3
	
Specimen 4
	
5.58	 5.55	 5.58
	
4.08	 4.10
3.34 3.33 3.37
3.18 3.14 3.15
2.83 2.82 2.79
2.65 2.65 2.65
2.53 2.50 2.50'
2.21 2.24
2.17 2.15 2.17
1:98 1.98 1.99
r
	 ^	 I.
a
the reported "d" spacings.
	
The "d" spacings for the subst&,jce with
stoichiometry KA10(OH)HO03 . 1/2H2O have also been reported (54,,55) and
similarly appear to lack consistency. However, the similarity in "d"
spacings between KA10(OH)HCO3 and KA10(OH)HCO3.1/2H2O that does exist,
and the retention of this similarity upon dehydration of the latter to the
former, suggests that the hydration of the latter is not water of con-
stitution (47,48).
Although previous investigations have sought to compare "d" spacings and
h,k,l, assignments known for Dawsonite with the potassium analog, the cor-
relation is tenuous and inconclusive (45,54).
In conclusion, the potassium analog of Dawsonite prepared by solution
precipitation methods has been shown by a number of investigations to be a
unique substance. It has been characterized according to its composition,
infra-red, and thermolytic properties, but only partially characterized ac-
cording to its X-ray diffraction characteristics.
SYNTHESIS OF POTASSIUM DAWSONITE - GENERALIZED PFCI=L: A novel method for
the synthesis of the potassium analog of Dawsonite was investigated and
optimized. Accordingly, the formation of a high purity potassium analog of
Dawsonite can be achieved by means a single step, high-temperature,
high-pressure solid-state procedure typical of the following generalized
protocol:
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1) Equimolar quantities of Gibbsite and potassium hydrogencarbonate
as dry, ground powders (particle size 4 90 um) are intimately mixed and
transferred to a cylindrical open-top aluminum reaction vessel.
2) The reaction vessel is placed in a two liter PARR High Pressure
Reactor (see Figure 32).
3) The reactor, after securing, is flushed with gaseous carbon diox-
ide and then pressurized to 240 psig.
4) The reactor temperature is then raised as quickly as possible to
245°C+5 0C and maintained at that temperature for 4.5 hours.
5) After cooling and depressurization, the product is renoved and
vacuum oven dried overnight at 50°C.
SYNTHESIS OF POTASSIUM DAWSCNITE - DETAILED PROCEDURE: Aluminum hydroxide,
A1(OH)3, obtained from The Kaiser Chemical Corporation at approximately
99% purity, was used directly without further purification. (This material
is equivalent to the H-36 grade of alumina trihydrate, Al203.3H2O,
currently being marketed by Kaiser Chemical.) The particle size distribu-
tion of Kaiser Al(OH)3 was as follows:
Mesh I c. % Retained
120 0
230 45
325 11
Pan 44
Note: Obviously, this A1(OH)3 will all pass an ASTM-35 mesh, a minimum
criterion used in this report for all of the powders processed or used.
,.	 b
4
FIGURE 32	 PRESSURIZED BOMB FOR THE SYNTHESIS OF DAWSONITE
.
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Potassium bicarbonate, KHCO3 (supplied as a granular analytical reagent
by Mal l inckrodt; assay (KHCO3) ... 99.7--100.3%) was processed in the fol-
lowing manner before use:
1. It was dried overnight (>16 hours) in a vacuum oven operating at < 0.1
mmHg and at 42-45°C as a thin layer over the botton of an aluminum pan with
a surface area exceeding 200 cm 2 at a depth of le%s than 1 cm.
2. The dried KHCO3 was ground in a ball mill for 16 hours. Typically,
one pound of the dried powder was added to a 0.3 gallon ceramic pot (diam. 5
5/8 inches), and 12 grinding spheres (ceramic balls; 0.78-0.87 in diameter,
mass 15.4 grams) were used. Critical speed of this ball mill used was 124
rpm. The desired speed for efficient grinding was 80% of 124 rpm. The
actual revolution rate for the ball mill used was 92 rpm (74% of critical
speed). Drying and grinding in this fashion effectively reduces the size of
all particles in the KHCO3 powder such that it will pass an ASTM-35 mesh.
3. The ground KHCO3 was placed in a common pool and used as needed. The
common material after some time (24 hours and longer) in the storage con-
tainer would exhibit a degree of water absorption as evidenced by visible
raking, and should be dried again in a vacuum oven (as above) just prior(to
unmediate use. KHCO3 was repeatedly dried because of the concern for the
-eagent weights, since weight loss after reaction provides a convenient
neasure of extent of reaction.
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Step 1 of the Synthesis:
	
weigh out the desired amount of each reactant in
the ratio 100.12/78.00 for the reactants KHCO3/Al(OH)3, respectively.
Std 2 of the Synthesis:	 Place both the KHCO3 and A1(OH)3 into a 0.3
gallon ball mill container (i.e. 178 g total mass per 0.3 gal. volume of
r'
mill container). Seal the container without adding any grinding balls and
mix for approximately 15 minutes. It is important that a relatively homoge-
neous mixture of the two solid components be obtained prior to reaction.
Step 3 of the Synthesis:	 The resultant solid mixture from 2 above was
sieved through an AS'IIN Number 35 Sieve to break up the over-size lumps.
These latter appeared to be mainly KHCO3 coated with a fine dust of
Al(OH)3. The KHCO3 "lumps" are broken up by forcing them through the
sieve. The reactants must be mixed again to eliminate any concentration
variations of KHCO3 throughout the reaction mixture. The sieved (Pass
#35) mixture was returned to the milling pot for further mixing without
adding any grinding balls to the pot (mixing time was approximately 15
minutes) .
Step 4 of the Synthesis: Divide reaction mixture among reaction vessels.
Determine the mass of reactants in each vessel prior to initiating the reac-
tion. Store the reaction vessels charged with reactants in a sealed glass
container or in a pressurized reaction assemblage until ready to begin the
calcination process.
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REACTION VESSEL: The vessels used for the calcination process have been
the object of much investigation. It was found that glass ("Pyrex"" 250 ML
beakers), aluminum foil lined glass beakers, and aluminum foil itself, are
all unsatisfactory. Glass beakers shatter as the product expands, sometime
even fusing to the product. This makes removal of glass difficult and
dangerous. Al foil is too thin for support and reacts to some extent, making
for a source of error in Al analysis.
It has been found that the bottom half of an all aluminum 12 oz beverage
container.- (beer and/or soft drink) is satisfactory, with truncation of the
container at approximately the mid-way point. Hower, concern over poten-
tial contamination from volatiles released from the liners of these con-
tainers has prompted preparation of the containers as follows.
Step 1 Reaction Vessel Preparation: The aluminum can is cut in such a man-
ner as to produce a container three inches high, and with a total volume of
approximately 250 mL. A clean cut, horizontal edge should be obtained.
Step 2 Reaction Vessel Preparation: The containers are now dipped fully
into a oxidizing cleaning solution such as "Chromerge"", or a similar vigor-
ous chromic acid based cleaner (i.e. potassium chromate and concentrated
sulphuric acid) for five minutes or until coatings are observed to have been
removed.
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Step 3 Reaction Vessel Preparation s The cleaned cans are then washed with
several litres of water to remove all traces of t:he chromic acid dip, and
residues produced by the oxidation processes induced by the chromic acid
dip. The cans are dried by standing in air, and are then ready for use.
Some specific brand names were found to be more acceptable than others, due
to reasons that ware probably tied to surface c. ►atings and/or metal alloy
catposition, but which were not investigated in any way.
BEVERAGE CONTAINER ACCEPTABILITY FOR THE SYNTHESIS OF DAWSONITE
ACCEPTABLE-PREFERRED *	 ACCEP ML.E
	 NOT ACCEPTABLE
Budweiser	 Dr. Pepper
	 Coors
7-Up
	
Colt-45
	 Schlitz
Pepsi-Cola	 Miller
"Acceptability" was defined in terms of criteria associated
with visual contamination of the final product (discoloration)
and obvious visual signs of chemical reaction induced in exterior
and interior walls of the reaction vessel.
k
CALCINATION ASSEMBLAVE: The calcination assemblage is shown in diagram-
matic representation in Figure 32. A ccffaercially supplied pressure
reaction vessel was used, manufactured by the Parr Corporation, capable of
withstanding circa 1100 psig, and of being operated at temperatures up to
350°C with temperature control of approxLmmtely +5°C at any temperate,
between ambient and the maximum.
Step 1 of Calcination Procedure: The aluminum reaction containers are posit-
ioned in the vessel to be used for the high pressure/high temperature calci-
nation procedure.
Step 2 of Calcination Procedure: The assemblage is sealed as recommended by
the manufacturer of the pressurized calcination apparatus.
Step 3 of Calcination Procedure: The sealed pressure vessel should be
flushed well with 002 gas to remove most of the air that might be present.
For the small Parr Reaction Vessel, 60 seconds flushing at a flow rate of 13
standard litres per minute 002 (SLPM) was used. The apparatus is then
charged with 240 psig pressure of CO2 gas for this preparation.
135
Step 4 of Calcination Procedure: The sealed and pressurized assemblage con-
taining the reaction vessels with the reactants inside is now placed in the
heating unit, and the temperature brought quickly up to 245°C in approxim-
ately 60 minutes without allowing any overshoot in the temperature. Reoom-
mended Variac" settings are difficult to delineate because of several fac-
tors that determine final Variac" settin g for proper temperature.
Step 5 of Calcination Procedure: When the reaction has proceeded for the
desired time period (4.5 hours), the heater is returned to its zero setting,
and the whole assemblage removed from the heating jacket, placed on an as-
bestos board, and allowed to cool towards room temperature. This process
can be accelerated by use of an air draught from a fan, or similar unit.
The assemblage and reaction mixture contained within it are left pressurized
until the temperature of the assemblage reaches 50 °C. At this point the
pressurization may ^,e released, and the reaction gases allowed to escape
slowly through the release valve.
Step 6 of Calcination Procedure: When the pressure has reached equilibrium
with atmospheric, the assemblage may be opened and the contents removed.
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PRODUCT SEPARATION AND WORK--JP PROCEDURES
1. Drying:	 The reaction products are dried while still in the aluminum can
reaction	 container,	 and they	 may	 be weigher] after this	 procedure	 to
ascertain the extent of reaction. The recommended drying procedure
involves the use of a vacuum oven at < 0.1 maRg and temperatures not
exceeding 50°C or less than 40 0C for not less than 16 hours. By the
foregoing procedure, crude potassium Dawsonite is obtained in a 96% yield.
Yields were computed by comparing observed versus theoretical weight losses
that accompanied the calcination reaction.
2. Gri.idin :
2.1 Remove all of the material from the reaction vessel by peeling
away the aluminum can with the aid of a pair of metal cutters and some form
of hand vise (beware of the very sharp aluminum edges subsequently exposed).
Use a sharp knife to scrape off , all material that is still clinging to the
bulk of the product. Unwanted impurities will be colored grey or black;
the product is a clean white powder.
2.2 Use a large conventional mortar and pestle to reduce the size of
the pieces recovered from the reaction vessel to a particlt..t size that will
all pass through an ASTM #35 Sieve.
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2.3 Place the approximately 350 g (two reaction vessels with total cap-
acity of approximately 170 g each were calcined simultaneously in the calci-
nation assemblage) into a 0.3 gallon milling container, add 18 spheres (cer-
amic, individually 0.78-0.87 inches in diameter and 15.4 g mass), and mill
for at least two hours (as before: critical speed of ball mill is 124 rpm;
desired speed for efficient grinding is 80% of the critical revolution rate
of 124 rpm). Actual revolution rate used by us was 92 rpm, corresponding to
74% of the critical speed. Representative samples can be taken at this
point for analysis or reference purposes.
2.4 Open up the rruu.l.ling pot, remove the 18 grinding balls, and add ap-
proximately 1% by weight of a solid flow agent such as "Tullanox 500",
(supplied commercially by Tulco, Inc.) in the form of a finely dispersed
(100% Pass an ASTM-400 Mesh) hydrophobic, fumed, SiO2 powder. Add six
solid rubber mixing spheres (0.76 inches in diameter, 5.5 grams in weight)
and mix for 15 minutes to disperse the flow agent through the reaction
mixture containing dawsonite.
After a flow ,
 agent has been added, particle size distribution and bulk
density of the resulting material can be determined, and the powder is then
ready for use (prepared powder was stored in a plastic bag inside a sealed
'.on can) .
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In addition to the conditions specified in the foregoing protocol, the
formation of the potassium analog under variable time,
	
temperature, and
pressure parameters was investigated. Product speciation was determined by
X-ray diffraction and is tabulated in Table 27 and summarized in Figure 33.
The bottom of Figure 33 shows the temperature, pressure, and time conditions
for which the potassium analog of Dawsonite is the principal resultant
specie. At temperatures below 200°C the reaction time increases to days and
at 150°C or less no reaction occurs. In the absence of carbon dioxide pres-
sure or insufficient carbon dioxide pressure, the principal phenomenon is
decomposition of the reactants.
ANALYTICAL METHODOLOGIES FOR POTASSIUM DAWSONITE
QUANTITATIVE ANALYTICAL METHODS: The analytical characterizations of the
resultant products realized	 from the calcination of equivalar potassium
bicarbonate/Gibbsite mixtures under varying conditions are tabulated in
Table 28. The experimentally determined weight percents were obtained by
the following methods:
1 - Potassium - Atomic absorption
2 - Aluminum - EDTA titration using Eriochrome-T indicator
3 - Carbonate - Acidification followed by absorption of liberated 002
by "Ascaritew".
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TABLE 27 FORMATION OF THE POTASSIUM ANALOG OF Dm6miTE BY CALCINING
- PRODUCT SPECIATION AS DE.TEEMINED BY X-RAY DIFFRACTION -
Sample T(°C) Mr.) Pi (CO2) IDENTIFIED SPECIES and
Designation ESTIMATED RELATIVE AMOUNTS**
I 250 0.5 360 D>b
II 245 4.5 360 U>>Byb
II(washed) 245 4.5 360 D>>B
III 245 4.5 240 D>>BNb
IV 245 4.5 120 D>>B
V 231 14,0 240 D>>B
VI 200 4.5 240 G>DMB>b
VII 200 4.5 120 D-B-b>G
VIII 200 4.5 60 D>B>G-b
IX 155 4.5 360 G>b,-	 D
155 45.0 360 G5b..X>D>c1.5H20-c--B
XI 155 45.0 240 NG>b-X>Dtwcl.5H2O
means about 10:1
means about 5:1
means about 3:2 to 2:1
means about 4:5 to 5:4
Legend:
D Potassium Dawsonite
G = Gibbsit=)
B = Boehmite
b potassium bicarbonate
c = potassium carbonate
X = unknown compound not in ASTM
NOTE ON THE ESTUTATED RELATIVE AMOUNTS:
The relative amount of each component was estimated assuming the following:
1 - the principle peak height for each substance is of comparable
intensity, and
2 - the relative amount present was in proportion to the height of its
major peak compared to the height of the largest principle peak.
Contrasted to the inherent complexities of a refined quantitative X-ray dif-
fraction approach, the above procedure offers little in the way of quantita-
tive information; thus, and > relationships should be interpreted accord-
ingly.
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FIGURE 33 POTASSIUM ANALOG SYNTHESES
PRODUCT SPECIATION AS A FUNCTION OF EXPERIMENTAL VARIABLES
- Summary -
G, b, X, KD, co B	 B, b, c
Law Temperature	 Low Pressure
(< 150°C)	 (< 60 psi)
G, b
T =	 2400 - 250°C
P =	 120 - 360 psi
t =	 > 4.5 hrs
KD (B, b)
Legend: G = Gibbsite; Al(OH)3
b = Bicarbonate, Potassium
KD = Dawsonite, Potassium Analog
c = Carbonate, F:ltassium
B = Boehmite; A10(OH)
X = Unknown Specie
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TABLE 28 FORMATION OF THE POTASSIUM ANALOG OF DAWSONITE BY THE
METHOD OF CALCINING
- ANALYTICAL CHARACTERIZATIONS -
Sample
	 $ K+	8 A13+	 $ CO32-
Designation
Theoretical
	 24.42	 16.85
	 37.48
II 25.8 17.03 37.7
II(washed) 25.1 17.59 37.3
III 24.4 16.97 37.4
IV 26.0 16.74 37.5
V 25.1 17.02 37.8
VI 25.3 17.84 31.5
VII 23.5 18.31 31.6
VIII 25.5 16.92 34.6
IX 23..8 16.72 32.3
X 23.9 16.89 32.6
XI 24.1 17.92 29.0
Uncertainty
	 +0.5%	 +0.5%
	 +0.5%
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Hypothetically, the intended objective in the calcining process is the real-
4
ization of the potassium analog of Dawsonite according to equation (1) of
Table 29. In addition to the Dawsonite formation reaction, a series of
probable competitive decomposition reactions is shown. The variety of
species resulting from varying the calcination conditions, as identified in
the X-ray diffraction spectra taken of the crude products obtained, is con-
sistent not only with the postulated formation reaction (1),, but with the
competitive decomposition reactions (2), (3), and (4) as well. It can be
ascertained from Table 30 and Figure 34, that in the case for crude product
analyses, the carbonate content would be the most sensitive indicator of the
contribution of conversion types (3) and (4). To the extent that conversion
types (1) and (2) predominate, carbonate analyses of the crude product would
be an insensitive parameter with which to distinguish the relative extent of
conversion (1) versus (2); however, carbonate analyses performed after
purification by low temperature washing would be highly sensitive to the
(insoluble carbonate/soluble carbonate) proportion, a characteristic that
would be a sensitive measure of the ratio.
$ conversion for reaction 1
$ conversion for reaction 2
Table 31 compares typical analyses for crude and purified potassium
Dawsonite. It can be concluded th-it.within the limits of uncertainty of the
methodologies utilized, conversion reaction (1) occurs almost exclusively.
The existence of unidentified species in systems IX, X, and XI precludes
application of the above approach as a diagnostic procedure.
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TABLE 29
	 CALCINATION OF POTASSIUM BICARBONATE,/GIBBSITE MI}CI'UItES
—
.
POSSIBLE TYPES OF CONVERSIONS —
(1)	 KHCO3
	
+ A1(OH) 3	 --0 KAl(OH) 2CO3 +	 H2O
(2)	 [KHCO31 +	 A1(OH) 3	--a [KHCO31	 + A10(OH)	 +	 H2O
(3)	 KHCO3
	
+ A1(OH) 3	----> 0.5K 2CO 3	+ A10(OH)	 4	 1.5H 20	 +	 0.5CO2
(4)	 KHCO 3	+ [A1(OH) 3 ]	 ----0 0.5K 2CO 3 +	 [A1(OH)3]	 +	 0.5CO2
Legend
Conversion (1) is the formation of the potassium analog of Oawsonite.
Conversion (2) is the decomposition of Gibbsite.
Conversion (3) is the decomposition of Gibbsite and potassium bicarbonate.
Conversion (4) is the decomposition of potassium bicarbonate.
.,r... 	 ..iCt^m^.^'--'..c^YLS•^LL^.1uY34L vt .., .,aa..._... ..^LL_v Ham._.
	
_ _••-_ _^,..,.
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TABLE 30	 REACTANT AND PFCU= COMPOSITIM AS A
FUNCTION OF CONVERSION TYPE
Calcination of Potassium Bicarbonate/Cibbsite Mixtures -
Initial Composition
% K+ % A13+ % CO32-
(1) 21.95 15.15 33.69
(2) 21.95 15.15 33.69
(3) 21.95 15.15 33.69
(4) 21.95 15.15 33.69
Final ConEosition
`e K+ % A13+ 8 0032-
(1) 24.42 16.85 37.48
(2) 24.42 16.85 37.48
(3) 30.29 20.90 17.05
(4) 26.58 18.34 14.96
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FIGURE 34
	 REACTANT AND PiC=f CON WITION AS A
FUNCTION OF CX?'MJ6ION TYPE
38-	
-38
37-	 (1),(2)
	 "'`-37
36-	
-36
35-	 .,-,....	 -35
34-	 -^''" "^	 -34
WEIGHT $	 33	 -33
0032-	 32-	 -32
31-	 -31
30-	 (3)	 -30
29-	 (3)	 -29
28-	 -28
26-	 (4)	 (4)	 ,---=-f`-2f
5--25
24-	 "'"	 -24
23-	 —	 ------ "`	 (1) • (2)	 -23
WEIGHT $	 22-	 -22
K+ 	 21-	 21
20-	 ---'-20
19-	 (3)	 -19
18-	 (4	 `--18
17-	 . --'^_ _
	
--17
16	 ----	 -16
WEIGHT 8
	
15-	 (1), ( 2)	 -15
A13+	 14-	 -14
REACTAMS	 PRODUCTS
Legend: (1) = Potassium Dawsonite formation reaction
(2) - Gibbsite decomposition
(3)= Bicarbonate and Gibbsite decomposition
(4) = Bicarbonate decomposition
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TABLE 31 POTASSIUM ANALOG ANALYSES: CRUDE/PURIFIED COMPARISON
KAl (OH) 2CO3
Atomic	 EDTA	 Acidification &
Absorption	 Titration	 Ascarite Absorption
$ K+	 % A13+ 8 CO32-
Theoretical
	
24.42	 16.85	 37.48
Cn de	 24.4	 17.0	 37.4
Purified	 24.7	 17.0	 37.3
All uncertainties < +0.5%.
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INFRA--RED ANALYSIS: Figure 35 is a typical spectrum of the potassium
analog of Dawsonite synthesized by calcinationi Figure 36 is a
characteristic spectrum obtained from a product synthesized by solution
preparation methodology analogous to that of the previously published
literature (44-46,49-52,54-56). Table 32 lists the experimentally observed
band frequencies that appear in Figures 35 and 36. It can be readily
concluded from the data of Table 32 and Figures 35 and 36 that the spectrum
of the calcined product and the spectrum of the solution preparation product
are virtually identical. The data of Table 32 is also quite comparable to
the previously published infra-red band frequencies of the potassium analog
of Daw-,)nite as summarized in Table 25.
THER40GRAVIMETRIC ANALYSIS: Figures 37, 38, and 39 show the experimentally
determined integral weight loss thermogravimetric analysis cures obtained
for the potassium analogs of Dawsonite formed by low temperature solution
preparation (T - 80 0C), high temperature solution preparation (T - 135°C)
and calcination methods respectively. Temperature versus percent weight
loss data at selected intervals was taken directly from the original traces
and recorded in Table 33. It is concluded from this data that the analog
prepared by calcination exhibits an overate., weight loss profile more
analogous to the model postulated in Table 24. Compared to calcining, the
products obtained by solution precipitation methods show diminished thermal
stability prior to the first major endothermic decomposition that occurs at
approximately 300°C. Figures 40 and 41 show combined typical differential
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I	 I
149
REMARKS
	 oRRalm NASA	 PERKIN-ELMER
Calibration at 1028 ant'	 MODEL 700
Semple Dam high bulk dew it7
compared to NASA LM-1 p. 1 	SPECTRUM NO...
e6 39.85l^	 PURIr	 4^ SAMPLE 1 potassium Davtl^te
PHASE SBr	
Solution Prep; 8,2/76
CONCENTRATION -
THICKNESS
	 SAMPLE 2
DAT: 8113/76
OPERATOR I.A.M.
FREOLIENCY (CM'1
4000	 3600
	
3200
	 2800	 2400	 2000	 1800	 1600	 1,1100	 1200	 1000	 800	 650
100
	
I	 I	 I	 1	 t
90
80
a70
60
50
Z40
0-30
20
10
n
FIGURE 36: INFRARED SPECTRUM OF THE POTASSIUM ANATAG OF DAWSONITE
SYNTHESIZED BY SOLUTION PRECIPITATION
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TABLE 3 	 COMPARISON OF THE INFRARED BAND FREQUENCIES OF THE
POTASSIUM ANALOG OF DAWSONITE PREPARED
BY CALCINING AND SOLUTION PRECIPITATION
Calcining	 Intensity	 Solution
Method	 Preparation
Method
(	 1 )	 (curl)
3423	 s	 3420
1533 vs 1525
1408 vs 1405
1103 w 1095
1000 s 1000
870 m 865
846 w 840(sh)
761 w 760
743 w 740
, of
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TABLE 33 THERMCLXSIS OF THE PCMASSIUM Aml= O^^' rA. ,,W ONITE FORMED
BY SOLLII:°IM PRECIPITATION AND CALCI NAT.IM
- OOMPARATIVE WEIGHT LOSS PROFILES -
LOW TEMPERATURE
	 HIGH TEMPERATURE
SOLUTION PREPARATION SOLUTION PREPARATION CALCINATION PREPARATION
( 8!`r°C )	 (%/r°C)	 (8/T°C)
POINT A	 6%/290 48/330 3%/340
POINT B	 188/330 168/360 16$/375
POINT C	 32$/370 30$/390 298/410
T C' C)
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FIGURE 40: INTEGRAL AND DIFFERENTIAL GRAVIMETRIC ANALYSIS CURVES FOR TM,
THERMOLYSIS OF THE POTASSIUM ANALOG OF DAWSONITE PREPARED
BY LOW TEMPERATURE SOLtTrION PRECIPITATION
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THERMOLYSIS OF THE POTASSIUM ANALOG OF DAWSONME PREPARED
BY CALCINATION
157
as well as integral weight loss curve a
 characteristic of analogs prepared by
t	 .*^
low temperature solution methods and calcination methods respectively.
Thus, it has been shown that the product obtained by the process of calcin-
ation possesses greater thermal stability prior to the major endotherms and
the transition temperatures attending these deooq)ositicros are measurably
higher.
THERMOCHEMICAL BEHAVIOUR:	 Using differential scanning calorimetry
	 (DSC)
techniques and potasium hydrogen carbonate as a reference comparison, the
heat change attributable to the first major endotherm of potassium Dawsonite
decomposition was measured and determined to be 30+2 kcal/mole, -a change
equivalent to that upon going from System I to System IV as shown below.
The endothermic minimum occured at 340°C. Although at high temperatures
(725 0C), the final decomposition species is potassium aluminate,	 KA102(c),
it is probable that the decomposition phase at 340°C is amorphous (47,79)
and has a composition corresponding to System IV; see Table 24.
E
	
E N	 6Hf (k-cal/mol )
X D
Too
	I 	 -551 KA10 (OH)HCO3(c)/H20(1)
(min. est.)
	
II	 -536 KHCO3(c)/A1(OH)3(c)
	
III	 -533 KHCO,(c)/A1O (OH)(c)/H20(1)
	
IV	
-521(0.5K2CD3.0.25Al203.0.5A1O(OH))(am.)/
O. SCO2(g)/1.75H2O)(1)
(min. est.)
In the inset above, System I comprises the products in the potassium
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Dawsonite :alcination synthesist System II consists of the reactants,
whereas System III represents the products of a competitive decomposition
side reaction.
The formation enthalpies for Systems II and III were computed from ther-
mochemical data of reference (80). A minimum estimate (min. est.) for Sys
-tem IV was arrived at by computing the formation enthalpy for the following
sys, tem:
O.SK2CO3( c)/0.25Al203(c)/0.5A10(OH)(c)/0.5CO2(9)/l.75H2O(1)
To be sure, this computation underestimates the actual formation enthalpy by
an amount equivalent to the enthalpy of species interaction minus a smaller
enthalpy change attributable to the change in lattice structure, according
to the equation below.
0.5K2003(c) + 0.25Al203(c) + 0.5A10(OH)(c)
0.5K2CO3.0.25Al203.0.5A10(0!I)(am.)
Utilizing, however, the m',nimum estimate for System IV and the measured
value of the change on going from I --0 IV, it can be concluded that the
formation of the potassium analog of Dawsonite from Gibbsite and potas-
sium hydrogencarbonate is in fact exothermic, confirming recent observations
(e?).
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X-RAY DIFFRACTION ANALYSIS: A typical X-ray diffraction spectrum of the
potassium analog of Dawsonite prepared by the method of calcining is de-
picted in Figure 42. The twelve major peaks observed at reflections between
10 and 50 degrees are conpared in Table 34 to the previously published data.
Various differences between the observed data disclosed in this
investigation and the previously published data are summarized below.
(i) Although a reflection at two-theta = 21.65 0 (4.105 A) is not reported
by the French work of Reference 45, a potassium analog of Dawsonite synthe-
sized according to their published method did yield an X-ray diffraction
spectrum analogous to the 14ASA Empirical spectrum, including the reflection
at two-theta = 21.650.
I (ii) Although neither the 30.92 0 nor the 32.11° lines are reported in
the prior literature (corresponding to d=2.889 A and 2.788 A respective-
ly), when the potassium analog of Dawsonite is prepared according to the
literature irethods of References 45 and 54, these lines are seen in the
materials resulting from both preparations. Earlier studies may have ascr-
ibed these lines to closely matching potassium bicarbc-pate and potassium
carbonate lines respectively, althousjh neither line corresponds to the prin-
cipal peak of either of these substances. Experimenta],ly, the 30.92° and
32.11 0 lines cannot be removed by washing; calcining experiments in which
the bicarbonate or carbonate was present as a limiting reactant and Gibb-
site was present in 25% molar excess yielded products that displayed both of
these reflections.
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FIGURE 42: TYPICAL X-RAY DIFFRACTION SPECTRUM OF THE POTASSIUM ANALOG OF
DAWSONITE PREPARED BY CALCINATION
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TABLE 34	 COMPARISON OF "d" SPACINGS FOR THE POTASSIUM ANALOG*
OF DAWSONITE PREPARED BY DIFFEWC METHODS
(* for substances having the coition KA1(OH)2003)
SOLUMN PREPARATION ME`IWD	 CALCINING MEIWZ1
	
Composite	 NASA
Reference 54	 Reference 45 Literature	 Errpirical
Average
Specimen 2 Specimen 3 Specimen 4
5.6$ 5.985 (1)
5.55 5.58 5.55 5.58 (5.57) 5.574 (2)
4.13 4.08 4.10 (i) (4.10) 4.105 (3)
3.39 3.34 3.33 3.37 (3.36) 3.370 (4)
3.14 3.18 3.14 3.15 (3.15) 3.153 (5)
(ii) 2.889 (6)
2.82 2.83 2.82 2.79 (2.82) 2.818 (7)
(ii) 2.788 (8)
2.64 2.65 2.65 2.65 (2.65) 2.644 (9)
2.53 2.53 2.50 2.50 (2.52) 2.518 (10)
2.21 2.24 (2.23) (iii)
2.15 2.17 2.15 2.17 (2.16) 2.168 (11)
1.996
1.96 1.98 1.98 1.99 (1.98) (iv)1.985 (12)
See accompanying text for explanation of (i), (ii), (iii), and (iv).
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(iii) It is to be noted that a reflection corresponding to 2.23 A is re-
(
ported by both previous studies; however, a repeat of the method publish-
ed in Reference 54 whereby the potassium analog of Dawsonite is formed from
elemental Al(s) added to aqueous hot potassium carbona.im solution, yielded a
"4. product which showed significant amounts of potassium Dawsonite, Gibbsite,
and Bayerite, the most intense line of the Bayerite occurring at 2.22 A.U.
It wa. • ,ubsequently established by our studies that pure potassium Dawsonite
showing no Gibbsite or Bayerite (and no line corresponding to 2.22 A.U.) can
ba. obtained by simply pre-filtering the reaction mixture prior to the solu-
tion prf—ipitation of potassium Dawsonite, which occurs slowly.
Previous X-ray diffraction and electron microscopy studies by others
(72) on KA102 (aq.)/CO2 systems have established unequivocally that
Bayerite and Gibbsite can both form concurrently. Bayerite and Gibbsite are
different crystal structure fours of A1(OH)3 (c), i.e. a formula that can
be written as Al203 . 3H2O (c). The formation ratio of these product
species is temperature dependent, the Gibbsite/Bayerite ratio increasing
with increasing temperature in the 60-10G°C range. The solution concentrat-
ions and concentration ratios of reacting species in this system were, by
design, not optimized in favor of Dawsonite analoq precipitation.
(iv) The reflection in our spectra near 1.99 A is usually seen as a bread
asymmetric peak that most frequently is observed as a partially resolved
pair; infrequently it appears resolved into a trio of peaks, whereas at
other times it is observed as a single peak.
r
A
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LATTICE PARAMETERS: Computer analysis of the powder pattern reflection data
of the potassium analog of OAWSONITE by the method of J. W. Visser ( 73,74)
has yielded prdaable sets of unit cell parameters. Thus, existence of a
well defined phase behaviour of the potassium analog has been established.
Limitations in instrumental precision and the accuracy of the method of
internal standards did not allow unambiguous assignment of the unit cell
parameters, hence, Table 35, which compares lattice parameters of Dawsonite
(61,75,76, 77) with its potassium, rubi^'ium (78), and cesium (79) analogs,
depicts two equally probable solutions. Although the two solutions shown in
this Table came from different samples, no correlation between calcination
conditions and unit cell parameters was observed for the numerous indexings
that were .
 achieved. Whenever solutions and indexing was achieved for a
sai-nple, an ortho-rhombic system was the most likely of all crystal systems
to be assigned and invariably had a higher Figure of Merit than of-her
solutions.
MOISTURE PICKUP/LOSS CHARA(rERISTICS: Potassium Dawsonite prepared accord-
ing to the detailed procedure previously described, was subjected to a set
of hyper--humidity and hypo-humidity  studies. In the high humidity test, the
material was confined to a closed system (desiccator) into which had been
placed a reservoir of water sufficient in quantity to provide maximum
moisture saturation at ambient temp.)rature, circa 23°C. During the test
periods of twenty-four and forty-eight hours, the percent weight gain war
0.988 and 1.628, :respectively. In the low humidity test, the material ,.as
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TABLE 35 DiAWSONITE AND ITS
- Lattice Parameters Summary -
for general formula MAl(OH)2CO3
M System	 Unit tell
ao	 alpha VOLUME
bo	 beta (0)
co	 gamma
6.7(4)
	
90.00
Na Ortho
	
10.4(0)	 90.00 392
5.5(8)	 90.00
11.945/6.310	 90.00/90.00
K Mono/Ortho	 6.309/11.976	 90.235/90.00 425/427
5.644/5.645
	
90.00/90.00
6.77	 90.00
Rb • 1/2H2O Ortho	 12.7	 90.00 490
5.70
	 90.00
	7.04
	
90.00
Cs-H20	 Ortho
	
13.1	 90.00	 554
	
5.74	 90.00
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similarly confined, however, a reservoir of concentrated sulfuric acid
replaced the water and provided a dehydrating environment. During the t,.st
periods of twenty-four and forty-eight hours, the percent weight loss was
observed to be 0.34% and 0.408, respectively.
POTASSIUM DAMONITE - SUMMARY: The prior literature on the potassium analog
of Dawsonite has been reviewed and summarized. Previously reported work
addresses the followin; aspects: solution procedures for the synthesis of
the analog; composition studies; thermogravimetric decomposition
behaviour; infrared analysis; solubility and hydrolysis properties; and
partial X-ray diffraction characterizations.
The work reported herein discloses the investigation and optimization of
a new and efficient single-step method (viz., calcination) for the synthesis
of the potassium analog of Dawsonite in high purity and high yield. The an-
alog obtained by calcination was characterized according to its composition,
infrared, thermogravimetric, and X-ray diffraction properties, and also com-
pared and contrasted to the corresponding product obtained via solution
precipitation procedures. *
 In nearly all respects, the characteristics of
the potassium analog of Dawsonite prepared by calcination are comparable to
those of the material obtained via high temperature solution precipitation;
a measurable property differential is observed, however in their respect,ve
1:?rmogravimetric analysis profiles. Whereas the analog prepared by calcin-
ation exhibits an overall weight loss profile closer to a postulated model,
* Crystalline phase behaviour has been established and
probable lattice parameters have been determined.
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the product obtained by solution precipitation shows diminished thermal
stability and greater weight loss prior to the first major endothermic
decomposition that occurs around 300° C.
1	 The effort accorded the inv `-cigation ar±d characterization of the potassium
M^
analog of Dawsonite formed via calcination has thus realized the following:
1. The technological basis for an efficient and simple means of its
production in reasonable quantities.
2. Definitive characterization of the product produced in the above
manner.
3. A foundation for further investigations of iodide doped Potassium
Dawsonite systems.
SYNTHESIS AND CHARACTERIZATION! OF IODIDE DOPED POTASSIUM DAWSONITE
I. IN	 ODUCTION:	 The premise underlying halogen doping of the potassium
analog of Dawsonite rests on the well known scavenging of radical flame
species by halogens. Potentially, highly effective and efficient fire
suppressants and re-ignition retardants might consist of radical scavenging
and recombination catalysts that, as "guests" in a host substance are ther-
mally released upon entry into and partial retention within a combustion
zone. A substance of this type or combination of substances would not only
have the potential to quench a fire, but the potential to suppress the re-
a
`4
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t ignition of the conflagration through a modulated release of quenching comp-
onents. Substances having these properties could potentially be achieved by
stoichiometric encapsulation of an active fire retardant within the struc-
ture of a crystalline inorganic substance.	 An effective fire retardant
agent of this type might utilize a layered-structure host compound which, it
i is asserted, would allow a guest compound such as an inorganic halon, to
become inserted into or substituted within available lattice sites. The
host compound should have the potential to decompose in the combustion zone
with the attendant release of the guest compound (flame quenching agent).
Alternatively, a microcrystal ine non-stoichiometric enclathration of an
active flame retardant by the crystalline environment of a thermally labile
host compound might also serve to modulate the release of quenching compcn-
ents into the combustion zone. A third type of system might involve the use
of a simple physical mixture of an active component which is non-adhesively
interspersed in the particle voids of the host compound.
It is the first of these three hypotheses that is to be investigated
here. Such a flame retardant; guest/host compound is to be sought by a solid
phase synthetic procedure utilizing conditions of elevated temperature and
pressure. The resultant species realized from these procedures are to be
characterized by various spectrophotometric, gravimetric, and chemical an-
alysis techniques with the intention of gaining information as to the na-
ture of their composition and micro-environments. This will lead to an
increased understanding of the method of modulation of flame quenching coin-
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ponents. The system currently being investigated as the host environment is
the potassium analog of Dawsonite. The use of iodides as potential guest
agents within the potassium Dawsonite structure will be examined. Iodides
are well known as flame quenching agents and are therefore good candidates
for interstitial encapsulation or enclathration. Tin iodides and potassium
iodide will serve as potential	 sources	 for	 the	 iodide. In particular,
tin(IV) iodide has a high volatility, which is desirable for rapid release
of the iodide into the combustion zone. 	 Relative ease of synthesis also
makes this compound a favorable choice.
'Ihe method of synthesis in pursuit of these guest/host compounds will
follow the procedure for the synthesis of potassium Dawsonite as described
in a previous section of :his paper. varying role ratios of *KD/SnI4
will be physically mixed. Each mixture will be divided into two samples
with one sample to be calcined at h1gh temperature and pressures. The phys-
ical mixtures and their calcined counterparts will be characterized by
infrared spectrometry, X-ray diffraction spectrometry as well as chemical
analysis and thermogravimetric analysis. For reasons to be enumerated sub-
sequently, SnI2 was not the subject of this guest/host investigation.
* KD refers to potassium Dawsonite.
d
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PRIOR LITERATURE
Potassium Dawsonite: A review of prior literature on potassium Dawsonite
appeabs in an earlier section.
Tin(II) Iodide and Tin(IV) Iodide: Tin iodide can exist in two forms under
normal conditions. Stannous	 iodide has the formula SnI2 and the other
moiety, stannic iodide, has the formula SnI4. Both can be prepared by the
direct combination of tin metal and elemental iodine (84,87). Stannic iod-
ide volatilizes at 180 1C while stannous iodide remains fixed at red heat
r.	 (80). At 327°C, stannic iodide has r a vapor pressure 3000 times that of star-
(
nous iodide (81). Stannous iodide has a melting point of 320°C and a boil-
ing point of 720°C. Stannic iodide has a melting point of 143.5°C and a
(t
` boiling point of 340°C. Sn12 and SnI4 have densities of 5.29 g/cm3
and 4.70 g/cm3 , respectively (80). When ctystall,ized from aqueous solu-
tion, stannous iodide contains two molecules of water. When dried over
sulfuric acid the monohydrate is formed (80). The crystal structure of both
moieties have been reported (82,83,84). Meller and Fankuchen report stannic
iodide as belonging to the space group W. The unit cell is cubic with
ao •= 12.26A. An earlier work by Dickinson reports ao as 12.23A. Howie,
et al. report stv_=us iodide as being monoclinic with cell dimensions of:
a = 14.17, b = 4.535, c = 10.87, and beta = 92.00
Stannous iodide belongs to the space group C2/m.(84) Infrared studies on
stannic iodide indicate only two active bands at 219 curl and 71 cm l
(85). Observed Raman shifts for stannic iodide occur at vl = 149 am 1,
v2 = 47 cm-1 . v3 = 216 cm-1 , and v4 = 63 cm 1 .(86)	 Stannic
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(	 iodide
	
is stable	 in air, under prolonged
t
contact with moist air SnO2 is
formed
	
(87).	 ;stannous iodide is known to be sensitive to atmospheric
oxidation (84).	 Exposure to X-rays also accelerates the deeorWsition of
stannous iodide
	 (84).	 X-ray diffraction spectra of both SnI2 and SnI4
have been reported (Tables 37 and 38)	 (88).
(II) EXPERIMENTAL
PREPARATION OF TIN IODIDES
• Recrystallization of Stannous Iodide: Stannous iodide was obtained from
ROC,/RIC chemical supplier. Purity was checked by chemical as well as X-ray
diffraction analysis. "Stannous iodide" was then purified by recrystal-
lization from 2 M HCl. The recrystallization procedure follows that as de-
scribed by Howie, et al. (84) The purified Product was stored in ,a nitrogen
filled brown glass bottle which was kept in a vacuum desiccator.
Recrystallized product identity and purity were established by X-ray
diffraction and thermogravimetric analysis.
Synthesis of Stannic Iodide: Pure stannic iodide was prepared by the
direct combination of tin and elemental iodine in carbon tetrachloride soly
-ent.(87) The carbon tetrachloride solvent was evaporated off by gentle
heating. The stannic iodide obtained was stored in a nitrogen filled brown
glass jar which was placed in vacuo over calcium chloride. Product purity
	
3
7
and identity were confirned by elemental analysis for tin and iodine, and by
•	 X-ray diffraction and thermc ravimetric analysis.
{
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Reactions of Tin Iodides with Potassium Dawsonite: varying mole ratios of
tin(IV)iodide and potassium Dawsonite were mixed and subjected to calcina-
tion: The reaction beat) is the same as that used for potassium Dawsonite
syntheses. Potassium Dawsonite and tin(IV)iodide were finely ground and
made to pass through an ASTM 325 mesh sieve. Sanples of each were weighed
accurately and various male ratios were mixed together. The physical
mixtures were ground and mixed together until the mixture was homogeneous.
The mixture was placed in a 20 mL glass beaker with a watch glass placed on
top. The beaker with sample was placed into the reaction vessel along with
10 mL of water which was placed on the bottom of the reaction vessel. The
reaction vessel was sealed and flushed with carbon dioxide gas. Carbon
dioxide pressure was brought to 240 psi at room temperature. The reaction
vessel was allowed to corm to a constant temperature of 240 00 + 5°C with a
corresponding 002 and H2O pressure of 600+25 psi. The calcination was
allowed to continue for 18 hours + 2 hours. The reaction bomb was cooled
rapidly (approximately 1/2 hour) and the sample was removed when bomb con-
ditions came to equilibrium with the surrounding environment. The sample
was dried in vacuo over calcium sulfate at room temperature. Products ob-
tained were ground in a mortar and were passed through a 325 mesh sieve.
Products were characterized by infrared spectrometry, thermogravmet.ric an-
alysis, and X-ray diffraction. Physical mixtures of the same role ratios of
Sn14/K-dawsonite were made homogeneous and characterize-I by IR, TGA, A,A
X-ray diffraction.
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Calcination of Aluminum H droxide, Potassium Bicarbonate
	
and
Iodide: A physical mixture of aluminum hydroxide, A1(OH)3, potassium
bicarbonate, KHCO3, and potassium iodide, KI, was ground and trade homo-
geneous in the mole ratio of one mole A1(OH)3 to one mole KHCO3 and a
corresponding amount of KI that would be necessary to equal the amount of
iodine in a mixture of potassium Dawsonite and 10% SnIq (the relative
proportions by weight are 100.12/78.00,/15.7, respectively, KHCO3/
A1(OH)3/KI). The mixture was calcined usider the same conditions as that
of the calcination of potassium Dawsonite as described earlier. The
calcined product was characterized by X-ray diffraction.
PRODUCT SEPARATION PROCEDURES
Separation of Components of 1:1 Mole Ratio (Potassium Dawsonite/Tin Iodide)
Calcined Product: Components of the above product were separated according
to their selective solubilities in carbon tetrachloride and water. Hot
carbon tetrachloride was used to extract out any unreacted tin(IV)iodide.
Cold water was used to remove any water soluble iodide. The remaining
components were not soluble in either hot carbon tetrachloride or cold
water. Components were characterized by X-ray diffraction.
Iodine Content of Potassium Carbonate./Aluminum Hydroxide/Pot'r1,.Aum Iodide
Calcined Product: The KI of the KHCO3/A1(OH)3/KI calcined product was
extracted with water from the remaining components. '1 7he iodine content was
determined using a procedure described subsequently in this paper.
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t	 INSR1MMAL ANALYSIS
Infrared Spectra (IR): The infrared spectra of potassium Dawsonite, crude
product before oold water washing, and washed potassium Dawsonite were taken
using a Perkin Elmer 700 IR spectrophotometer. 	 Samples for infrared were
prepared by grinding a small quantity of the sample into a ten-fold amount
of thoroughly dried Mr. The KBr/potassium Dawsonite sample was completely
mixed and a pellet was made using a pellet press. A reference pellet of KBr
was used during the infrared measurements in order to cancel out any effects
of KBr in the sample pellet. The products obtained from the potassium
Dawsonite/tin(IV) iodide calcinations also had their infrared spectra ob-
tained by the same procedure as described above.
Thermogravimetricc Analysis
	
(TGA):	 A	 Dupont 990	 thermal analyzer	 in
conjunction with a Dupont 951 thermogravi.me tric analyzer was used to obtain
integral as well as differentia', thermogravimetric curves. rvt`mperatures
ranged from room temperature to 900°C. A heating rate of 10°C per minute
was used. Sample weights varied from 10 mg to 25 mg. Platinum pans,
usually used for such procedures, were replaced with silica pans because of
the ;High reactivity of platinum with iodine at elevated temperatures.
X-Ray Diffraction: A Norelco X-ray diffraction unit was used for obtaining
X-ray powder diffraction patterns. Copper radiation with a K-alpha value of
1.5418 nm was used as the X-ray source. All samples were prepared in the
17+	 ,
following manner: Each sample was finely ground until the entire sample
passed through a 325 mesh sieve. An aluminum sample holder with a rectang-
ular hole was placed on a glass slide (large enough to block the entire
opening in the aluminum sample holder). The pass-325 mesh sample was placed
into a 120 mesh sieve which covered the aluminum holder (exposed hole facing
up). The sample was sifted through the sieve until it totelly covered the
hole in the aluminum sample holder. The sample was tamped down lightly and
the excess carefully removed with a razor blade. The excess was placed into
i
the 120 mesh sieve and the process repeated. The whole process was repeated
another time, except that the sample was firmly pressed into the hole before
the excess was removed. The exposed side of the sample holder was then
covered with another glass slide and the "sandwiched" sample holder was
Inverted. The uppermost glass slide (originally the lower) was removed, and
the newly exposed sample surface was used for the X-ray diffraction analy-
sis. The aluminum holder plus sample was placed into the X-ray diffracto-
meter and subjected to X-rays over a 20 range of 10 0
 to 50 0 . LiF was used
as an internal standard.
Chemical Analysis: Chemical analysis procedures were developed for
potassium, aluminum, carbonate, tin, and iodine content. For potassium
Dawsonite samples, potassium content was measured by atomic absorption;
aluminum content was determ,, t
 ed by EDTA titration; total carbonate was
dc-armined by making samples acidic and collecting 'rhe CO2 gas on an
Ascarite®
 column and measuring weight gain. Tin analyses were carried out
on the tin iodides as follows: A small quantity of a sample to be analyzed
was weighed accurately and dissolved in concentrated NH4OH. The solution
was heated until only a white residue remained. The solution was allowed to
cool whereupon dilute nitric acid was added dropwise until the solution
turned red using methyl red indicator. Dilute NH4OH was added dropwise
until the solution just changed to a yellow color. After reheating for a
few minutes, the precipitate was filtered using Whatman #40 filter paper.
The precipitate (SnO2) was washed with warm 21 NH4OH.	 Both the
precipitate and filtrate were collected quantitatively. Ashing of the
filter paper and ignition at 1000°C for one hour, followed by cooling in a
desiccator yielded pure SnO2. The iodine content of the sample remained
in the filtrate. Concentrated NH4OH was added to the filtrate until the
final volume was approximately 300 mL. A small excess of AgNO3, required
to precipitate all of the iodide, was added to concentrated NH4OH (50 mL).
This was added to the filtrate slowly using a thymolphthalein indicator.
The solution was heated for 2 hours, whereupon it was allowed to cool to
room temperature and stand overnight (placed in the dark). AgI was filtered
through a fine sintered glass crucible, washed with cold water and dried at
110°C for 3 to 4 hours. The sample was weighed as AgI.
tsr=
Y
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j	 (III) RESULTS
Purification of Stannous Iodide by Recrystallization: Chemical analysis of
the ein(II)iodide as received by the supplier was significantly inconsistent
with the calculated values (see Table 36). X-ray diffraction spectra indic-
ated that in addition to the presence of 1_4n(II)iodide, there was consider-
able tin(IV)iodide as well as some unidentified species. Recrystallization
according to the method of Howie, et al., yielded a crystalline yellow-
orange product. All purified samples were stored in nitrogen-filled brown
glass containers which were placed into,a vacuum desiccator. Although puri-
fied tin(II) iodide exhibited TGA and X-ray diffraction characteristics
closely resembling literature data (see Figure 43 & Table 37), routine expo-
s ,ze of the purified product to ambient conditions of temperature, light,
air, and/or moisture initiated rapid degradation of the product.
Stannic Iodide	 Synthesis: Tin(IV) iodide synthesized according to the
method of McDermot (87), yielded an orange-red product whose elemental an-
alysis, TGA, and X-ray diffraction spectrum as shown in Table 36, Figure 43,
and Table 38, respectively, are consistent with authentic Sn14. Tin(N)
iodide obtained from laboratory synthesis was found to be relatively insens-
itive to laboratory environmental conditions. Moist air, however, is repor-
ted to slowly hydrolyze it, therefore the product was also stored in the
same manner as tin(II) iodide. Stannic iodide stored this way remained un-
changed for months. Since stannic iodide exhibits considerably less envir-
onmental sensitivity than stannous iodide, calcination reactions with potas-
slum Dawsonite were performed with stannic iodide and not stannous iodide.
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TABLE 36	 QiEMICAL ANALYSIS OF STANNOUS IODIDE AND SMAMIC IODIDE
Stannic Todide (Sn14)
Theoretical	 Washed Product S
Sn a 18.95	 Sn - 19.27+0.1
1 a 81.05	 1 a 80.79+0.1
Stannous Tod de*
Theoretical	 Sample
Sn m 31.86	 Sn - 34.11+0.3
I - 68.14	 1 - 63.?I+0.1
The Sn12 obtained from the supplier was found to be impure due to
oxida Lion.
k
mo
2
I
178
q
0	 200	 400	 600	 goo	 1000
•C
FIGURE 43: DIFFERENTIAL GRAVIMETRIC ANALYSIS CURVES FOR THE THERWLYSIS
OF STANNOUS IODIDE(l) AND STANNIC IODIDE(2)
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TABLE 37 20 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTIOt
SPECTRA OF TIN II) IODIDE (SnIj
- Laboratory Preparation and Literature Reference*
 -
t
20 20 Relative Relative
Intensity Intensity
(observed) (literature) (ob&c ved) (literature)
15.30 15.20 50 40
24.70 24.59 34 35
25.23 25.16 18 40
26.85 26.77 35 40
27.32 27.27 83 100
28.22 28.15 100 90
28.79 28.89 29 40
29.62 29.58 12 20
31.78 31.71 15 20
32.74 32.62 19 25
39.42 39.31 28 40
41.10 41.04 30 70
41.80 41.74 14 40
41.84 30
42.38 42.29 19 30
The relative intensities are taken fran the indexed As"IM catalog card
25-975. 'Me 28 values were calculated using a lvrbda value of
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i	 TABLE 38
	 28 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTION
SPECTRA OF TIN(IV) 100IDE (SnI)
- Laboratory Preparation and Literature Reference * -
20	 28	 Relative	 Relative
Intensity	 Intensity
(observed)	 (literature)	 (observed)
	 (literature)
12.48 3
16.14 10
17.75 17.70 10 15
25.20 25.13 100 100
26.18 5
29.18 29.09 25 32
31.78 31.78 2 3
33.40 33.46 3 6
34.30 34.26 4 5
39.52 34.54 4 5
40.24 4
41.68
	
41.62	 28	 41
41.75	 25
49.28	 49.24	 20	 26
49.40	 5
The relative intensities are taken from the indexed AiSTM catalog card
number 6 - 0232. The 28 values were calculated using a lambda value of
1.5418.
*
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CAMINATION RFAt.'TIONS
Tin(IV)Iodide with Potassium Dawsonite: Potassium dawsonite was calcined
with stannic iodide using mole ratios of 1:1, 2:1, 4:1, 5:1, and 8:1 potas-
sium Dawsonite/stannic iodide. The 1:1 and 2:1 male ratio calcined products
were orange-brown and green-brown in color, respectively. The 4:1 calcined
product was light yellow, the 5,1 and 8:1 products were white in color. All
products were placed into small glass containers and stored in a desiccator.
All of the lire-calcined physical mixtures were orange-white in color. *
Calcination of Aluminum Hy^2rvxide Potassium Carbonate-and tassium Iodide:
Potassium dawsonite was synthesized by calcining Al(OH ) 3 with KHOD3 in
the presence of KI. The product obtained was dried in vacuo overnight and
stored in a desiccator. The final product was a fine white powder.
INSTRUMEMAL ANUNSIS
Infrared Spectroscopy ( IR):	 Stannic iodide is not active in the infrared
range from 4000 cm -1 to 650	 cm'l .(85) Potassium Dawsonite is active in
this range and shows strong absorption bands at 3440, 1544, 1412, 1000, and
516 cm-1 . Refer to Figure 35 for the IR spectrum of potassium Dawsonite,
and Table 25 shows the IR frequencies & assignments for potassium Dawsonite.
It should be noted that tin(IV) iodide and pot-ass .':Am Dawsonite, when
mixed and stored together as dry powders at room temperature and pressure,
spontaneously generate an internal pressure within the storage container;
thus, the amounts stored, the handling procedures and the type of storage
container must be selected accordingly.
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Infrared spectra of the 1:1, 2:1, and 4:1 mm©le rat.Ao potassium Dawson-
ite/stannic iodide calcined products are shown in Figure 44. The 1:1 and
2:1 mole ratio products show no potassium Dawsonite absorption. brnds. See
Tables 39, 40 and 41 for IR band assignsents. The 5:1 and 8:1 mole ratio
products show significant absorption bands in the strong absorption regions
of potassium Dawsonite, as shown in Figure 45. The 5:1 product has strong
IR bands at 3140, 1528, 1405, and 998 cm-l . The 8:1 calcined product has
strong IR bands at 3425, 15.25, 1410, and 995 cm 1 . These absorption bands
correspond well to the potassium dawsonite absorption bands at 3440, 1544,
1412, and 1000 cm-1 . Tables 42 and 43 show the IR frequencies and assign-
ments for the 5:1 and 8:1 products. The infrared spectrum of the 4:1 male
ratio (potassium dawsonite/stannic iodide) calcined product shows a very
small excess of potassium dawsonite. Refer to Figure 46 for the infrared
spectrum of the 4:1 calcined product as oompared to the species as identi-
fied and assigned in Table 41. Figure 46 includes the infrared spectrum of
Boehmite (A1O(OH)), beta-stannic acid, and stannic oxide (SnO2). Table 44
gives the IR frequencies of 9oehmite, stannic oxide, and beta-stannic acid.
Thermogravimetric Analysis of	 Potassium Dawsonite and Tin
	 Iodides: The
differential 1GA curve of potassium dawsonite, before washing and after
washing with cold water, is shown in Figure 47. The small peak at 150°C is
absent in the washed potassium dawsonite sample.
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FIGURE 44: INFRARED SPECTRA OF THE 1:1(1), 2:1(2), AN'D 4:1(3) MOLE RATIO
(POTASSIUM OAWSONITE/SnI4) CALCIN'Y, D PRDDUCTS
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TABLE 39 IR FFtMDCIES (in aCll AND ASSIGMENTS Or THE PRINCIPAL SMDS
FOR THE 1:1 MOLE PATIO M-DAWSONITEALSn14) CALCUM PFODUCr)
IR Frequencies	 Assignment
Literature	 Observed
3880 m	 3880 w	 Beta-Stannic Acid/AlCOH
3880 m
3410 s
	
3450 mb	 Beta-Stannic Acid
3262 a
	
A100H
3079 s	 AIOOH
1620 m	 1630 w	 Beta-Stannic Acid/Sn02
1260 w	 Sn02/Al0OH
1145 w	 AIOOH
1073 m	 1070 w	 AIOOH
s = strong; m - medium; w - weak; v - very; b = broad
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TABLE 40 IR FTtgVENCIES ( in cm-1 ) AND ASSIMOUS OF THE PRINCIPAL BANDS
FOR THE 2:1 MOLE RATIO (K-DM60Nj2 EnR) CALCINED PRODUCT
IR Frequencies	 Assignment
Literature	 Observed
3880 m 3880 m Beta-Stannic Acid/A100H
388) m
3410 s 3430 mb Beta-Stannic Acid
3261 s A100H
3079 s A100H
1620 m 1610 m Beta-Stannic Acid
1260 w 1290 w Sn02/AlOCH
1145 w A100H
1073 m 1070 w A100H
s = strong; m = medium; w = weak; v = very; b - broad
r	
_:
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TABLE 41 IR F'RMJ cros (in cm-1 ) w ASSIme!Tls OF "I4iE PRINaPAL amts
FOR THE 4:1 MULE RATIO j!j- ?S NiTE SnIk) CALCINED PROQUCT
IR Frequencies
Literature	 Observed
Assignment
3880	 m 3875 m Beta-Stannic Acid/A100H
3880	 m
3410	 s 3415 s Beta-Stannic Acid
326::'	 s A100H
3079	 s 3100 s A100H
1620	 m 1615 m Beta-Stannic Acid
1,260	 w 1260 w Sn02/A100H
1145
	
w 1150 w AlOOH
1073	 m 1070 m A100H
s = strong; m = medium; w weak;	 v - very;	 b - broad
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FIGURE 45:	 INFRARED SPECrRA OF THE 5:1 (LINE 1) AND 8:1 (LINE 2) MOLE
RATIOS OF POTASSIUM DAWSONITE/SnI4) CALCINED PRODUCTS
t	 M
TABLE 42
	 IR ffM_ RKIES (in curl ) AND ASSICNKETPIS OF THE PRINCIPAL BANDS
MR THE 5: 1 MOLE RATIO LK- ^'	 SONITE nI4L CALCINED PFCD=
Y!^
IR Frequencies * Assignment
Literature Observed
3880	 m 3800	 w Beta-Stannic Acid/AlOOH
3880	 m
3440	 s 3440	 sb K-Dawsonitc
3410	 sb Beta-Stannic Acid
3262	 s AIOOH
3079	 s 3090	 s A100H
1620	 m 1625	 w Beta-Stannic Acid
1544	 vs 1528	 vs K-Dawsonite
1412	 vs 1405	 vs K-Dawsonite
1260	 w 1255	 w SnO2/AlOCH
1145	 w 1140	 w AIOOH
1073	 m 1065	 m A100H
1000	 s
fi
998	 s K-Dawsonite
S = strong;	 m = medium; w = weak;	 v = very;	 b = broad
*	 IR Literature for A100H (Ref. 11) 0, Beta-Stannic Acid, and Sn02
(Table 44) K-Dawsonite (Table 29).
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{	 TABLE 43 IR FREQUENCIES ( in cm 1 ) AND A.SSIWOM OF THE PRINCIPAL BANDS
FOR THE 8:1 MOLE RATIO (K-DAWSONITE ..nI4) CALCIMD PRODUCT
IR Frequencies*	 Assignment
Literature	 Observed
3880 m 3880 w Beta-Stannic Acid/A100H
3440 s 3425 sb K-Dawsonite
3410 sb Beta-Stannic Acid
3262 s AIOOiH
3079 s 3080 s A100H
1620 m 1620 w Beta-Stannic Acid
1544 vs 1525 vs K-Dawsonite
1412 vs 1410 vs K-Dawsonite
1260 w 1260 w SnO2/AlOOH
1145 w 1140 w A100H
1073 m 1060 m A100H
1000 s 995 s K-Dawsonite
s = strong;	 m _ medium;	 w	 weak;	 v = very;	 b = broad
*	 IR Literature for A100H (Ref. 89), Beta-Stannic Acid, and Sn02
(Table 44) K-Dawsonite (Table 32).
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FIGURE 46: INFRA—RED SPECTRA FOR VARIOUS SOLID DRY CHEMICALS:
f
LINE 1: TIN ( IV) OXIDE
LINE 2: BETA—STANNIC ACID
SINE 3: 4:1 MOLE RATIO OF KD/Sn14
LINE 4: BOEHMITE (AlOCH)
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TABEE 44 IREREWDETES (in aCl ) AND ASSICMENTS OF THE PRINCIPAL BANDS
OF BOEMITE (AIO^OH),,l BEMA-STANNIC ACID (SnO,, te2ob AND
STANNIC OXIDE (SnO)
Boehndte *	Beta-Stannic Acid*	Stannic oxide
3880 m 3880	 w	 1260	 w
3262 s 3410	 sb	 1080	 m
3079 s 1620	 m	 1060	 m
4080 m 790	 m
1960 w
1640 w
16,60 w
1145 w
1073 m
s - strong; m - medium; w - weak; v = veLy; b - broad
IR Frequencies for Boehinite are from Reference 89.
IR Frequencies for Beta-Stannic Acid and Stannic Oxide are from Figure 46.
192
E
A
1
2
0	 200	 400	 600
	 800
	 1000
.0
M'
FIGURE 47: DIFFERENTIAL GRAVIMETRIC ANALYSIS CURVES FOR THE THERMOLYSL
OF POTASSIUM DAWSONITE BEFORE WASHING(1) AND POTASSIUM DAWSON
AFTER WASHING(2)
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The TGA 's of both Sn14 and Snit were taken using freshly prepared
samples. This was to ensure product purity, as Snit is well known for its
rapid oxidation. ( 84) Both Sni4 and SnI2 had only one principal weight
loss peak each, as indicated in Figure 43. SnI2 remained relatively
stable upon heating until a temperature of 390°C. At 510°C, SnI2 under-
goes its most rapid weight loss. The small weight loss at approximately
170 0C is due to SnI4 impurity in the sample. The TGA of Sn14 shows only
one large weight loss peak due to evaporation, spanning a range of 165 to
240 °C . The greatest weight loss occurs at 230°C. The total weight loss was
98 percent for SnI4 and 94 percent for SnI2.
Thent ravimetric Analyses of K-Dawsoniteelin(IV) Iodide Physical Mixtures
and Cal cined Mixtures: Integral and differential TGA's of physical mixtures,
calcined mixtures and probable products of calcined mixtures are shown in
Figures 48, 49, 50, 51, and 52.
The 4:1 physical mixture integral and differential curves as shown in
Figure 48 are characteristic of all mixtures er!ployed, differing from other
mole ratio systems only in relative peak heights of the two components. As
expected, the major weight loss rates were observed at about 230°C and 3606C
for the Sn14 and potassium dawsonite, respectively.
As depicted in Figure 49, 50, and 51, the integral and differential
TGA's of the calcined systems of varying mole ratios reveal a common h ^h
temperature weight loss around the 850 to 890°C region. The lower mole
ratio systems, 1:1 and 2:1, exhibit weight losses primarily in the 230°C re-
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FIGURE 48: INTEGRAL AND DIFFERENNAL GRAVIMETRIC ANALYSIS CURVES FOR THE
THERMOLYSIS OF THE 4:1 MOLE RATIO POTASSIUM OAWSONITE/STANNIC
IODIDE PHYSICAL MIXTURE
195	 1
k
I
2
3
10000	 200	 400	 oc	 690	 800
FIGURE 49: INTEGRAL GRAVIMETRIC ANALYSIS CURVES FOR ME 114ERMLYSIS OF M
1:1(1), 2:1(2), AND 4:1(3) MOLE RATIO POTASSIUM DAWSONITE/SnId
CALCINED PRODUCT
M'
R
1
2
3
0	 200	 400	 600	 800	 1000	 •C
FIGURE 50: DIFFERENTIAL GRAVIMUMIC CURVES FOR THE THERMOLYSIS OF THE
1:1(1), 2:1(2), AND 4:1(3) MOLE RATIO POTASSIUM DAWSONITE ,
SnI4 CALCINED PRODUCT
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FIGURE 51: INTEGRAL AND DIFFERENTIAL GRAVIMETRIC ANALYSIS CURVES FOR THE
THERMOLYSIS OF THE 5:1(1) AND 8:1(2) MOLE RATIO POTASSIUM
OAWSONITE/SnI4 CALCINED PRODUKT
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gion whereas the higher mole ratio systems, 5:1 and 8;1, show characteristic
weight losses in the 350°C zone. The most prominent feature of the 4:1 sys-
tem is t* 850-900°C weight loss.
Figure 52 includes the integr al TGA's of potassium iodide, beta-stannic
acid, and Boehmite. Boehmite undergoes a weight loss at 550°C due to water
loss. Boehmite (AiO(OH)) decomposes to form Al2O3. Beta-stannic acid
undergoes successive water losses from 50-500°C. Reference 90 describes
this dehydration more completely. Potassium iodide is very stable to weight
loss up to a temperature of 700°C. It then rapidly losses virtually all of
its weight from 700-900°C.
X-Ray Diffraction Analysis: Potassium dawsonite,. Sn12 and SnI4, were
analyzed by X-ray diffraction. Refer to Table 45 for potassium dawsonite 29
observations with relative intensities, Table 38 for SnI4 28 assignments,
and Table 37 for 28 assignments of Sn12.
	 Figure 42 shows the X-ray
diffraction spectrum of potassium Dawsonite. Table 46 shows the 28
assignments with relative intensities for the 1:1 mole ratio K-dawsonite to
Sn14 calcined product and physical mixture. The 28 assignments and inten-
sities for the 4:1 calcined product are listed in Table 47. Tables 48, 49,
and 50 list the 28 assignments and intensities for the 2:1, 5:1, and 8:1
calcined products, rest*,;c,°tively. Literature 28 values and relative intensi-
ties for potassium iodide and SnO2
 are listed in Table 51. Figure 53
compares the major X-ray diffraction peaks of the 2:1, 4:1, and 8:1 calcined
products with the major X-ray diffraction reflections of KI, SnI4,
K-dawsonite, and Sn02. All of the spectra were taken using LiF as an
internal standard.
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TABLE 26 VALAJES CORRESFC LADING "d"' tSFACIN13S AND RELATIVE IMYNSITIES
FOR THE X-RAY DIFFRACTION SPEt.'T" OF FOTASSIUM OAWSQN.ITE*
d Spacing	 20	 Relative Intensity
(1) 5.577 15.89 100
(2) 4.105 21.65 56
(3) 3.368 26.46 71
(4) 3.150 28.33 94
(5) 2.892 30.92 16
(6) 2.820 31.73 39
(7) 2.787 32.11 40
(8) 2.643 33.92 28
(9) 2.514 35.71 73
(10) 2.164 41.73 42
(11) 1.990 45.56 54
fi
4
3
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`!ABLE 46 28 VAUIES ASSIGN►fEM AND RELATIVE 1N1EWITIES FOR THE X-RAY
DIFFRACTIOi^ OF THE 1:1 MULE F	 MI &141
PHYSICAL MI=JRE AND CALCINED P1141t=T
e
Physical Mixture 1:1 Male Ratio 	 Calcined Product 1:1 Mole Ratio
26 Assignment Relative 26	 (lit.) 20 (obs.) Assignment Relatives
Intensity Intensity
15.94 KD 21.78 27.73 KI 47
1.6.19 SnI4 9 25.13 25.17 Sn14 100
25.23 KI
17.72 SnI4 14 26.60 26.58 SnO2 11
21.74 KD 7 29.09 29.08 Sn14 7
25.20 SnI4 100 33.90 33.90 SnO2 6
26.48 KD 8 35.95 35.93 KI 63
28.38 KD 12 41.62 41.58 Sn14 10
29.15 SnI4 12 42.42 42.43 KI 28
30.88 KD 2 44.43 44 . 33 KI 26
31.82 KD 6 49 . 24 49.25 SnI4 5
32.33 KD 4
33.48 SnI4 4
34.30 SnI4 4
35.70 KD 9
35.93 9
39.60 SnI4 4
41.65 SnI4 26
41.75 KD 13
45.60 KD 7
49.25 SnI4 12
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TABLE 47 20 VANS AND RU ATWE INiMITIES FOR THE X —RAY DIFFRACY'ION
SPECTRUM OF THE 4s1 MOLE RATIO (K—D WSC)NITE SnI41 CALCINED
PRODUCP
28	 29	 Assignment	 Relative
(literature) * (observed)	 Intensity
21.78 21.76 KI 40
25.23 25.20 KI 100
26.60 26.57 SnO2 10
33.90 33..93 Sn02 a
35.95 35.92 KI 85
42.42 42.40 KI 30
44.43 44.40 KI 20
* The relative intensities are taken from the indexed ASTM catalog card
number 4-0471 for KI and 21-1250 for SnO2
i
TABLE 48	 20 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTION
SPEC►',L M OF THE 2:1 MOLE RATIO (K-OAWSONITE/SnI4) CALCINED
PRODUCT
20	 28	 Assignment	 Relative
(literature) * (observed)	 Intensity
21.78 21.75 KI 40
25.13 SnI4
25.23 25.17 KI 100
26.60 26.56 Sn02 8
29.09 29.08 SnI4 12
33.90 33.90 6n02 6
35 * 95 35.95 KI 85
41.62 41.58 SnI4 .20
42.42 42.44 KI 32
44.43 44.40 KI 27
49.24 49.25 SnI4 15
* The relative intensities are taken fran the indexed ASTM catalog card
number 4-0471 for KI, 21-1250 for Sn02, and 6-0232 for SnI4
i
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TABLE 49 28 VALUES AND RELATIVE IMMiSITIES FOR THE X-RAY DIFFRACTION
SPEC17M OF THE 5:1 MOLE RATIO (K-DAWSCNITE/SnI4) CALCINED
PRODUCT
i
28	 29	 Assignment	 Relative
(literature) * (observed)	 Intensity
21.78 21.76 KI 42
25.23 21,5.22 KI 100
26.60 26.60 Sn02 8
33.90 33.92 Sn02 6
35.95 35.94 KI 80
42.42 42.40 KI 25
44.43 44.45 KI 23
* The relative intensities are taken from the indexed ASTM catalog Gard
number 4-0471 for KI and 21-1250 for SnO2.
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TABLE 50
	
28 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTION
SPFxTkM OF THE 8:1 MOLE RATIO (K-DAWSONITE/SnI4) CALCINED
PRODL=
29	 28	 Assignment	 Relative
(literature)	 (observed)	 Intensity
21.78 21.82 KI 35
25.23 25.25 KI 100
26.60 26.58 Sn02 10
28.33 28.35 KD 8
33.90 33.90 Sn02 8
35.95 35.98 KI 80
41.73 41.75 KD 5
42.42 42.45 KI 22
44.43 44.42 KI 18
45.56 45.55 KD 5
The relative intensities are taken from the indexed ASTM catalog card
number 4-0471 for KI, 21-1250 for Sn02, and 6-0232 for Sn14.
28 literature values for KD (potassium dawsonite) are from Table 2.
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TABLE 51
	
28 VALUES, CORRESPONDING "d" SPACINGS AND RELATIVE INTENSITIES
FOR THE X-RAY DIFFRACTION SPECTRUM OF POTASSIUM IODIDE
AND STANNIC OXIDE
KI * 	 SnO2*
d Spacing	 28	 Relative	 d Spacing
	 28	 Relative
Intensity
	 Intensity
4.08 21.78 42	 3.35	 26.60	 100
3.53 25.23 100	 2.644	 33.90
	
80
2.498 35.95 70	 2.369
	 37.98	 25
2.131 42.42 29
2.039 44.43 27
1.767 51,73 15
*"d" spacing and relative intensities for KI and SnO2 are from indexed
ASZM catalog card numbers 4-0471 and 21-1250 respectively. 28 values were
calculated using a lambda value of 1.5418.
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FIGURE 53: 28 VALUES FOR THE PRINCIPAL PEAKS OF Sn14, K-DAWSONITE, KI,
Sn02, 4:1 0 2:1 f
 AND 8:1 CALCINED PRODUCTS
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Chemical Analysis:
	
The purity of the calcined potassium Dawsonite and the
laboratory preparation of SnI4 as determined by chemical analysis gave re-
sults , in good agreement with theoretical values. Also, SnI2 as obtained
from ROC/RIC supplier was analyzed. Refer to Table 36 for experimental and
and theoretical values.
A chemical determination was performed on the 4:1, 5:1, and 8:1 calcined
products for total water soluble iodine content. The total water soluble
iodine of the 4:1 calcined product, expressed as KI, was determined to be
61.108 of the total weight. The theoretical value for total iodine,
calculated as KI, is 60.888. The other calcined products of mole ratios 5:1
and 8:1 had total KI by weight 54.79% and 39.288, respectively. The cor-
responding theoretical values for total KI are 53.09% and 38.368.
Separation of Components of 1:1 Mole Ratio (K-DawsoniteZjin(IV) Iodide)
Calcined Product: The components of the 1:1 calcined product were separated
and purified by solvent extraction. Unreacted SnI4 was extracted with hot
carbon tetrachloride crystallized upon cooling. Product potassium iodide
was extracted with cold water; the residue phase contained insoluble
aluminum and tin components. The X-ray diffraction pattern of these phases
was recorded and is shown in Table 52.
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TABLE 52	 20 VALUES AND RELATIVE INMSITIES FOR THE X-RAY DIFFRACTICN
SPECTRUM OF THE 1:1 MOLE RATIO (K-OAWSCWITE SnW CALCINED
PRODUCT - BOTH EXTRACTED AND RESIDUE PHASES
Compound B (Sn14)	 Compound C (Res idue Phase)
28	 26 Assignment Relative* 	 28	 28	 Assignment Relative*
(lit.)# (obs.)	 Intensity	 (lit.)# (obs.)	 Intensity
16.'.4 16. 18 SnI4 12
17.70 17.73 SnI4 14
25.13 25.15 Sn14 100
26.18 26.20 SnI4 4
27.19 27.25 Sn14 3
29.09 29.09 SnI4 22
31.78 31.82 Sn14 4
33.46 33.48 SnI4 8
34.26 34.30 Sn14 7
40.24 40.25 Sn14 3
41.62 41.64 SnI4 52
49.24 49.27 Sn14 20
26.60 26.58 Sn02 100
33.90 33.86 SnO2 80
37.98 37.92 Sn02 20
Ccmponent D (KI)
29	 28	 Assignment Relative*
21.78 21.80 KI 50
25.23 25.25 KI 100
35.95 35.98 KI 65
42.42 42.46 KI 18
44.43 44 . 45 KI 16
# 28 (lit.) values are taken from indexed ASTM oatalog cards.
2SnI2 + 02 ---^ SnI4 + Sn02
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The Iodine Content of the Potassium Bicarbonate/Aluminum Hvdroxide/Potassium
Iodide Calcined Product: The iodine content, expressed as KI, was determined
by chemical. methods. The results of total KI measured as 8.54 • compared to a
theoretical value of 8.741 are in good agreement with each other. The alumi-
num and carbonate content were also determined. The experimentally determi-
ned value of Al was 17.518 conpared to a theoretical value of 16.868. Total
carbonate was measured as 36 . 77% compared to a theoretical value of 37.498.
The 28 assignments for the above calcined product are :shown in Table 53.
M DISCUSSION
Synthesis of Stannic and Stannous Iodides and the Calcined Products of
Potassium-Dawsonite/Tin(IV) Iodide: Although, as documented elsewhere in
this report, promising results from static as well as dynamic testing of re-
ignition retardant efficacy had been obtained using calcined KD/SnIx,
where "x" had been presumed to be two, preliminary X-ray diffraction and TGA
studies indicated that the resultant material was ccnparable to that obtain-
ed by calcination of KD/SnI4. Consequently, further study of the environ-
mentally sensitive & unstable KD/SnI2 system was contra-indicated, since
the stannous iodide readily oxidized to Sni4, probably according to the
following reaction:
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TABLE 53
	
28 VALUES AND RELATIVE rm ENSITIES FOR THE X-RAY DIFFRACTION
SPECTRUM OF THE KHOO Al (OED) 1(I CALCINED PROMXT
28	 28	 Assignment	 Relative
(literature) * (observed)	 Intensity
15.89 15.85 KD 65
21.65 21.68 KD 45
21.78 21.80 K1 60
25.23 25.22 KI 100
26.46 26.45 KD 50
28.33 28.35 KD 65
30.92 30.90 KD 10
31.73 31.72 KD 30
32.11 32.13 KD 25
33.92 33.95 KD 22
35.71 35.72 KD 55
35.95 35.95 KI 80
41.73 41.70 KD 25
42.42 42.45 KI 20
44.43 44.42 KI 25
45.56 45.55 KD 45
* 29 literature values are taken from the indexed ASTM catalog card
nuurber 4-0471 for KI, 28 literature values for KD are from Table 45.
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Stannic iodide was considerably more stable than stannous iodide. The
calcined products of mole ratios 1:1 and 2:1 K-dawsonite/SnI4 were non-
white in color whereas the 5:1 and 8:1 calcined products were white in
color.
	 This seems to indicate an excess of SnI4	 in	 the	 1:1	 and	 2:1
products and an excess of potassium dawsonite in the 5:1 and 8:1 products.
Ca?,cination of	 Aluminum Hydroxide/Potassium Carbonate
	 with KI: The
calcination reaction with the above components was carried art using the
same conditions as used in the potassium Dawsonite synthesis. The weight
loss after calcination was equivalent to one mole water loss, thus indica-
ting potassium Dawsonite formation. The reaction proceeded as follows:
A1(OH)3 + KHCO3 + KI --) KA10(OH)HCO3 + KI + H2O
Instrumental Analysis - Infrared Spectroscopy (IR): From Figures 44 and 45
it becomes clear that potassium Dawsonite is the Uniting reactant for the
1:1 and 2:1 calcined products, whereas potassium Dawsonite is in excess in
the 5:1 and 8:1 calcined products, with SnI4 being the limiting reactant.
The 4:1 calcined product is in the marginal zone with potassium Dawsonite
only in a very slight excess. This might be due to incomplete reaction.
The stoichiometry of potassium Dawsonite/SnI4 reaction appears to be in
the mole ratio of 4:1 K-Dawsonite/SnI4. From Figure 46, the 4:1 calcined
product appears to be a mixture of eoehmite (A10(OH)) and stannic acid and-
/or stannic oxide. Potassium and iodine are not accounted for via IR, and
X-ray spectrometry was used to identify the potassium and iodine species.
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Instrumental Analysis - Thermugravimetric Analysis: Potassium Dawsonite was
washed free of excess bicarbonate with cold water. The deomposition peak at
150 00 in Figure 47 is due to a small excess of bicarbonate. After washing
with water the soluble bicarbonate was absent and the decomposition peak at
150°C is no longer present. The two other peaks that remain even after
washing are due to potassium Dawsonite decomposition. One peak occurs at
365°C and the other at 745°C. Both are due to H2O and CO2 loss. The
final residue from potassium Dawsonite decomposition is KA1O2. Figure 43
shows a weight loss for SnI4 which occurs over a small temperature range.
Sn12 had some Sn14 impurity and two weight loss peaks appeared.
All of the calcined products show a prominent potassium iodide weight
loss peak at 750-900°C. The 1:1 and 2:1 calcined products have an excess of
SnI4 as shown by the weight loss peak at 170-240°C. Potassium Dawsonite
decomposition peaks appear in the 5:1 and 8:1 products. This indicates that
SnI4 is the limiting reactant for the 5:1 and 8:1 reactions and potassium
dawsonite is the limiting reactant for the 1:1 and 2:1 mole ratio reactions.
The 4:1 calcined product is in the transition zone totween these two limit-
ing reactants and this is probably where the stoichiometry of the reaction
occurs. The 4:1 calcined product appears to contain potassium iodide, stan-
nic acid and possibly some AlO(OH). This is shown in Figures 49 and 50.
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Instrumental Analysis - X-ray Diffraction Analysis: All of the major 28
peaks for the 1:1, 2:1, 4:1, 5:1, and 8:1 calcined products have been iden-
tified and are in Tables 46 through 50. The 1:1 and 2:1 calcined products
show a small excess of SnI4 with diffraction peaks at 28 values of 29.08,
41.58, and 49.25. The major 28 peak at 25.17 is occluded by the major pot-
assium iodide peak at 25.23. The 4:1, 5:1, and 8:1 calcined products do not
show any SnI4 diffraction peaks. Potassium Dawsonite X-ray diffraction
peaks do appear at 28 value of 28.35, 41.75, and 45.55 in the 8:1 calcined
product. Potassium Dawsonite was not detectable in the other calcined
products. All of the calcined products show major 28 value belonging to
potassium iodide. The 4:1 calcined product shows only potassium iodide and
stannic oxide 20 reflection values. The 4:1 product appears to consist of
potassium iodide and stannic oxide. The alumina phase must be amorphous
because no reflection values could be found for A1O(OH), although A1O(OH)
was detected by infrared spectroscopy. Figure 53 shows the starting react-
ant.,	 SnI4 and potassium Dawsonite, and the products obtained by calcin-
ation, KI and S11O2.	 The 2:1 product has excess SnI4 and the 8:1 product
has excess potassium Dawsonite. The 4:1 mole ratio appears to be the cor-
rect stoichiometry for the potassium Dawsonite - SnI4 reaction.
Chemical Analysis: The potassium iodide content of the 4:1,
	 5:1, and 8:1
calcined products were in good agreement with theoretical values for KI,
therefore KI appears to be the iodide component of the calcined products.
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Separation of Components of 1:1 Mole Ratio (K-Dewsonite/Tin( IV) Iodide)
Calcined Product: Three components or sets of components were separated
from the 1:1 calcined product. One c.orrponent was pure Sn14, the second
component was potassium iodide and the third component, which was mostly
amorphous, was Sr►02 • xH2O and A20(OH). Table 52 shows the 26 values
for the X-ray diffraction of these components. This 1:1 calcined product
had potassium Dawsonite as its limiting reactant„ therefore Sn14 was in
excess after the reaction. The A10(OH), stannic acid and/or stannic oxide
and potassium iodide were formed during calcination.
The Iodine Content of the Potassium Carbon&' ^e/Aluminum Hydroxidez?Locassium
Iodide Calcined Product: Potassium iodide did not interfere with the
formation of potassium dawsonite when the starting reactants were 101CO3,
A1(OH)3, and KI.	 'fable 53	 supports	 this
	
conclusion. Only potassium
Dawsonite and potassium iodide
	
are observed	 in	 the X-ray	 diffraction
spectrum. The iodine content of the calcined product, measured as KI, is in
good agreement with the theoretical value of KI.
..
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JV J CONC JSION
A new interstitial guest/host type of compound was not formed by the
calcination of K-Dawsonite and SnI V rather, the resultant mixturR under-
went L reaction to form a new iodide specie. 'rie stoichiometry of the
K-Dawsonite/SnI4 reaction is in the mole ratio of 4:1 (K-dawsonite/
Sn14). The overall reaction proceeds according to the following aquation:
4KA1(OH)2003 + SnI4 ---0 4KI + 4A10(OH) + Sn02 • xH2O +
4002 + (2-x)H20
The KI is a crystalline phase and appears as the prominent part of the
X-ray diffraction spectrum. The stannic acid (Sn02 . 2H2O) has some
crystalline characteristics and appears as Sn02 in the X-ray diffraction
powder pattern. AlO(OH) appears to bkt, afforphous. It has a strong IR
spectrum but fails to show any diffraction pattern in the X-ray analysis.
Potassium Dawsonite can be directly synthesized from A1(OH)3 and
KH003 in the presence of KI. The long re-ignition delay times achieved
with K-Dawsonite/KI calcined mixture may be due to the slow release of
iodide into the ctubustion zone. As the flame or heat penetrates the
K-Dawsonite the iodide volatilization is suppressed by the endothermic
decanposition of the potassium Dawsonite; contiguous adhesion of the radical
to the potassium Dawsonite by enclathration would optimize thermal exchange
between the two phases.
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V. DYNAMIC TESTING WITH SIMULATED AIR FLOW*
Zb provide further data, over and above those from the Static Combustion
Assemblage, and to more closely simulate conditions that would obtain in an
aircraft engine nacelle in flight, a second experimental assemblage was de-
signed and built. In this second assemblage, the additional variable of air
velocity across the heated plate surface was included, and a design fabri-
cated that allowed this variable to take values in the range zero to approx-
imately 50 m/sec. Materials recomwnded from the Static Assemblage testing
phase, recommended by the Arthur D. Little Report, and materials available
cam, rcially, were tested in this Dynamic Assemblage, at air velocities up
to ca. 150 ft/sec (36 m/sec), and temperatures of 800°C, with some materials
tested at 900°C.
INTRODUCTION: In many or the cited references (1-25), some form of dynamic
testing prevails. Details , given in References 17-19 provided much of the
background for the design of our assemblage, and we have designed an as-
seinblage te.At offers greater dynamic range for the variables involved than
in previous such facilities. Moreover, previous investigations have not
included any data on the effectiveness of dry chemical extinguishants, but
have concentrated on the effects of CO2 and various Halons.
* Funded via NASA-Ames Research Grant NSG-2165 made to Professor
D.J. Myronuk of the Civil Engineering Department of San Jose
State University.
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What was shown by previous investigators was the need for a simple
laboratory sized fire simulation system that allowed a combustible fuel to
contact and ignite on a heated surface capable of holding the flame at sur-
face air flaw speeds that ranged from about 0 to 50 meters per se,.MM. A
quantity of extinguishant dry chemical, liquid or gas injected well upstream
of the active fire, would be carried by the air flow to the heated surface
igniting the applied fuel, and would proceed to interfere with the flame
reactions causing a fire "knock-down". Following knock-down, a successful
extinguishant candidate should also inhibit re-ignition of the fuel by con-
tinued interference with the combustion processes. In this latter event,
even though fuel continued  to be applied to a heated surface which is cap-
able of igniting the fuel at a known air flow over the surface, the ig-
nition/combustion processes would be delayed for as long a period as pos-
sible. In subsequent experiments, 20 seconds was selected as a delay time
goal, when it became obvious that a combination, of the following factors
(i) surface cooling due to evaporating fuel,
(`i) enhanced surface scouring by the air flow resulting in greater
convective heat transfer lasses,
(iii) the relatively low thermal conductivity of the heated surface
material which results in a local lowering of the heated surface
temperature to values that would no longer be adequate to ignite
the fuel,
would preclude re-ignition at any time beyond this limit (20 seconds), even
if the extinguishant was quite ineffective.
regions of the air/propane flame to the outer surface of the stainless steel
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The implied experimental approach precludes a catastrophic failure of an
engine in a nacelle space, or burn-through of a combustion can leaving a mas-
sive flame ignition-source, or a continuous high energy spark capable of
igniting virtually any fuel/air mixture. The simulation described in this
report would more realistically represent a failed fuel, hydraulic or
p' lubrication fluid line, spewing combustible fluid over heated engine
surfaces or frictionally heated wheel/brake assemblages leading to ignition
and a potentially disastrous fire. The p.°ime function then of a successful
extinguishant candidate used in the nacelle-type fire simulator system was
to be able to knock-down the initial fire and prevent its re-Ignition for as
long a period as possible, even though the combustible fuel/air mixture
continues to contact a heated surface capable of causing re-ignition.
FACILITY CONSTRUCTION: A schematic view of	 the experimentally evolved
dynamic fire simualtor system, with a close-up sketch of the heated surface,
and multiple flame site generators on the surface, are shown in Figures 54,
55, and 56. The final choice for the nacelle fire simulator heated surface
utilized a one meter long section of 3 inch Schedule-90 stainless steel pipe
internally heated with a propane/air flame. The heater had a separate ex-
haust system. The upper, outer surface of the pipe was extensively drilled
and threaded to accept 1.3 cm diameter threaded rods that projected from the
outer surface and penetrated 2 cm into the interior of the pipe. Acting as
thermally conductive pin fins, the rods help to conduct heat from the hotter
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SCHEMATIC OF SIMULATOR FOR NACELLE FIRES
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FIGURE 54: A SCHEMATIC REPRESENTATION OF THE DYNAMIC "IRE TEST ASSEMBLAGE
FOR EVALUATING THE FIRE CONTROL PERFORMANCE OF GASEOUS, LIQUID,
AND SOLID EXTINGUISHANTS
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FIGURE 55: ENLARGED VIEW OF THE HEATED cr ^rHLE AND MULTIPLE IGNIT ION
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FIGURE 56: SCHEMATIC REPRESENTATION OF HEATED IGNITION SURFACE SHOWING
THERMAL CONDLICTION PINS AND BOUNDARY LAYER SEPARATORS FOR THE
MULTIPLE IGNITION POINTS
(Assemblage is approximately 50 cm in length.)
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pipe through the pipe interior insulating boundary layer. Without the
interior fins, the relatively low value for the thermal conductivity of
stainless steel would allow too rapid a cooling of the exterior upper sur-
face, , which mandatorily had to remain hot enough to ignite the fuel applied
to the surface. A simple trough and two parallel rods -welded to the upper
surface served to hold the fuel in intimate contact with the heated surface
until the combustion process could be well established, especially at the
higher air flows. A combination of exterior projections welded to the pipe,
as well as the threaded holes for the pin fins (as opposed to welding the
internal fins in place), served to minimize tube warpage due to the enormous
thermal stresses which occurred when one third of the upper periphery of a
horizontal red-hot (800°C) tube was being repeatedly sprayed with a cold
liquid fuel, as well as being scoured by a high speed air stream over the
upper third of the heated surface. The problem of thermal distortion of the
heating surface as well as the containment channels and exhaust ducting was
minimized by using smoothly curved "ections or surfaces for their strength,
while at the same time the sections were laterally supported, but were un-
constrained in a longitudinal plane to allow motion of the thermally ex-
panding or contracting parts. Sharp corners, or intersecting flat plates,
tended to warp badly to the point of self destruction of welds or materials
when temperature variation rates of more than 100°C per second were ex-
perienced.
A major system design problem that was successfully solved involved the
selection of appropriate flame holders on the heated surface. When room
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temperature air velocities were above a few meters per second and flowing
over a smooth, visibly red hot stainless steel surface, it was virtually
impossible to ignite the JP-4 fuel by simply spraying it on to the hot sjr-
face as a liquid, or as a pre-mixed air/fuel mist. In order to ignite the
fuel stream on the heated surface over which air was flowing (without any
external spark or open flame source) a stagnation region must be generated
in the smooth surface, and a combustible mixture of fuel and air retained in
this region. In turn, the air-vapor mixture must be retained in contact
with the heated surface until the combustion of the fuel becomes continuous.
Sheet metal strips projecting through the boundary layer of the air flow
over the heated surface were a simple means of generating mixture stagna-
tion, retention, and ignition zones over the heated surfaces. However, the
gecmetry of such flame holders could range in description from random shards
of torn metal or shrapnel, to carefully designed and located re-entrant
cavities. Each variety could play a very significant role in &.iy subsequent
fire extinguishment operation, for if the flame holders were well designed
(e.g., re-entrant and over-lapped, such as downstream-facing cavities or
conics) there was no reasonable way to extinguish an established flame with-
out either cutting off the air or fuel supply, or using a great quantity of
extinguishant material and flooding the entire fire zone hoping that some of
the extinguishant penetrated the stagnation zone. On the other hand, a
irude flat or curved sheet metal projection may act as an apparent flame
nolder on or near a heated surface, especially if a combustible mixture and
a source of flame were provided from some other area upstream of the flame
t
h
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holder, or in the neighborhood of the flame holder. However, a vigorous
puff of air could blow out the flames, and the inadequate stagnation zone
would not allow re-ignition. In this case, fire knock-down would be
immediate= however, chances were the extinguishant played a tiny role in the
process, and measurements or observations of relative effects with other
extinguishant agents would really have no meaning. A compromise solution to
the problem of flame holder geometry involved a simple re-entrant variety
with a flap facing downstream, allowing formation of a flame stagnation zone
at all test-section channel air speeds, yet at the Same time, it allowed
sore infiltration of extinguishant material into the stagnation burning
zone. Perforations in the boundary layer separators allowed loth air and
extinguishant to slightly penetrate the cavity formed by the metal strife.
Further, the perforation area was of such a value as to provide atmospheric
pressure inside the cavity at all air flows over the top of the re-entrant
stagnation cavity generators. With the modified multiple flame system, the
minimum temperature for hot surface ignition of JP-4 fuel with very low
velocity air flows was of the order of 575 0C, and ignition occurred within a
fraction of a second after application of the fuel to the hot surface.
Initially a single flame holder on the heated surface in `,'ie air stream
was used to begin the evaluation of extinguishants. In the subsequent re-
view of 16 mm movie films of the various fire conditions, it was concluded
that multiple fire locations would be much more representative of a nacelle
fire than a single fuel/fire source. In this latter case, fuel was sprayed
into the stagnation region of an appropriate boundary layer interrupter or
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separator. When an extinguishant agent was applied, fresh, non-decomposed
extinguishant would impinge on the Single flame region and conditions for
successful flame knock-down could be noted. However, a more stringent, re-
presentative test of knock-clown ability would result when there were multi-
ple independent flames combined with an initial extinguishant agent con-
centration decrease due to agent decc►mposition in the initial flame, as well
as dilution in the open channel of the test section. In the modified fire
simulator system, a vigorous flame was established in at least three
locations, but in addition, a further stream of fuel was sprayed into the
air-stream just above the flame rows on the heated surface. While the ini-
tial investigation was to involve a.,,,- flowing at room temperature, a bank of
resistance heaters could be used to preheat the flowing air stream, since it
has been well established that a fuel can be more easily vaporized in heated
air, and hot surface ignition will then occur more readily than for a cold
air stream.
For safety, a scrubber box was built to ingest and remove the flame com-
bustion products, tonic decomposition products of the Halons (HBr, HC1, HF),
as well as some dry chemical particulates. In addition, the box water-spray
system cooled a potentially explosive fuel-air mixture that was formed in
the test section after flame knock-down occurred, and prior to the operator
turning off the fuel. A simple water-seal, coupled with blow-out panels and
protective blast screens was designed to provide adequate personnel prot-
ection from any minor fuel-air explosion in the scrubber box.
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EXPERIMENTAL MEIMMECGIES: The following parameters were experimental:
accessible with this Dynamic Fire Testing Assemblage:
1. Zero-50 m/sec air flow velocities at 20°C and 1 atm.
2 ?
 Zero-15 m/sec air flow velocities at 100 •C and 1 atm.
3. Zero-450 g/sec mass flow rates.
4. Stainless steel (Schedule-80 SS-321) heated surface, with 200 cm2
area, and ambient - 1050°C accessible temperature range.
5. Combustible fluids from JP-4, JP-5, Jet-A, Jett-B, and other vehi-
cular fuels, to lubricating and hydraulic fluids, can be used at
flow rates up to 250 ml/minute at low pressure capillary tube
feeds, or 15-25 ml/minute via spray injection at 6.9 M Pa.
6. Extinguishants can be: Powders at 0-60 g/sec; Liquids at 0-100
g/sec; Cases at 0-100 g/sec.
Specific agents were injected in single bursts, in a sequence of bursts or
simultaneously with other solid, liquid, or gaseous agents. CcTit  ustion
products, extinguishing agent decomposition products (HBr, HCl), and dry
chemical particulates were removed by the scrubber box. In the immediate
vicinity of the open flame section, some Halon decomposition products es-
caped to the local atmosphere. Additional ventilation fans prevented these
products from diffusing in the room and making contact with operating
personnel who normally worked well away from the active burning region of
the system. Figure 57 summarizes the general operational parameters for
JP-4 burning on a heated stainless steel surface with room temperature air
flowing over the heated surface, which is open to the atmosphere. It is be-
lieved that these characteristics are representative of general hot surface
ignition of hydrocarbons in a flowing air stream.
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It was noted that the fuel did not ignite immediately upon contacting
the heated surface. The liquid first vaporized, and then the air/vapor mix-
ture required adequate contact time with the hot surface before formation of
a visible flame was seen to occur. At higher air flow velocities, even with
the flame holders generating stagnation regions on the hot surface, the
increased surface scouring by the turbulent air flow generating wakes and
eddies caused an even greater delay in the ignition of the fuel. Now should
ignition be delayed beyond a few seconds at any air flow, a combined effect
of local surface cooling due to evaporating fuel as well as the high local
air speed, would cause an additive effect that prevented air/vapor mixtures
in the hot surface boundary layer from ever attaining a threshold ignition
temperature, and no self-ignition was observed. With increasing air
speeds, higher hot surface temperatures were required to produce a fire.
Finally, ignition temperatures and air velocity relationships became quite
independent above 850°C to 900°C. At this extreme condition any flame
control required continuous applications or single injections of very large
quantities of agent.
For this particular simulator system, operational experience has led to
the adoption of two parameter values; a fuel flow rate. of 250 ml/minute (so
that excessive quantities of applied evaporating fuel did not cool the en-
tire heated surface to a point where local re-ignition could not occur), and
an arbitrary upper limit to the re-ignition delay of 20 seconds. In this
latter case, the stainless steel surface was cooled by evaporating fuel and
surface convection to a point where the surface temperature was no longer
I
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capable of igniting the fuel. It is pertinent at this point to comment on
this choice of fuel flow rates Liquid fuel was conducted from a pressurized
container to the heated surface via capillary tubes, and the fuel released
as a liquid into the stagnation region of a boundary layer separator acting
as a surface flame holder. In the stagnation zone, film boiling heat trans-
fer effects caused the liquid drops to evaporate, the resulting vapor was
mixed with air, and the mixture retained in close contact with the heated
surface until combustion occurred. It was possible, by varying the delivery
pressure, to deliver from 0 to 1 litre of fuel per minute to the heated
surface. However, at 1 litre/minute, regardless of the chosen air speed,
fuel flooded the heated surface area and either totally quenched the heated
surface, or it burned vigorously in the test area, 	 and	 the downstream
channel, and especially in the scrubber box.
	
For lower fuel flow rates,
e.g. 100 ml/minute, while providing an acceptable reference fire at low air
speeds, at the mid range of system air speeds, the enhanced surface
turbulence tended to cause a lean burning condir.ion, and at higher channel
air flows, the flame sites were barely able to sustain their local fires.
our choice of 250 ml/minute fuel flow rate was an experiment-ally determined
compromise that produced vigorous fires fueled from evaporating fuel patches
in the boundary layer separations, and fuel/air mixtures that were not too
rich at low air speeds (6 m/sec.) and not too lean at the highest air speeds
(36 m/sec.).
It is significant to note that the usual designation of a system air-
/fuel ratio is tip longer applicable when a liquid fuel is being directed
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onto a heated surface.
	 Should the fuel be vaporized and pre-mixed upstream
of the fire sites, then a bulk air-fuel ratio can be descriptive.	 For
example at maximum air flow conditions, with vigorous burning the simulator
system had an air-fuel ratio of about 100 to 1, which should be totally
non-flammablet In reality, at each flame holder, local conditions of a
vaporizing liquid/air interface can be assumed to exist. Preliminary re-
sults also indicated that pre-heating the d!-. stream to 100°C or 200°C n,. .
no measurable effect on the hot surface ignition of the fuel, again at-
tributed to direct channelling of the liquid fuel to the hot surface. If a
fuel vapor-air mixture were formed upstream, however, pre-heating of the air
would certainly result in a more stoichiometrically exact fuel-air mixture,
which previous studies have shown to be more easily ignited by a hot sur-
face.
Our design, and the intrinsic concept of multiple f.lacne sites proved to
he a very important innovation. In real nacelle type fires, the specific
location of the fire is not known. However, it is a safe assumption that
there would be numerous flame sites in the nacelle space. At best, a cloud
of extinguishant could he injected into the intake of the entire nacelle,
and it is hoped that a small amount of the extinguishant would penetrate to
the flame sites and extinguish them. But an agent which may be successful
in knocking down one fire site (and by doing so, be erroneously labelled as
effective) may be thermally or chemically decomposed by this process, and
thus ineffective in knocking down other fires downstream. A.S a result, the
original fire site can be re-ignited by the un-extinguished down-stream
7
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flames. A more valid test of fire extinguishant capability, in our opinion,
is the ability to knock-down a sequence of flame sites.	 The extinguishant
performance data of the next section all involves fire control observations
for multiple fire sites.
An important aspect of extinguishant perfoniidnce involves the formation
(or lack of it) of a scale on the heated surface as a function of operating
surface temperature. Below about 825°C there was very little noticeable
surface oxide formation an$ subsequent spallation ("break-!.Ip") of the thin
oxide. layer. However at surface temperatures above 850°C, the oxide layer
grows very thick and thermal expansion/contraction stresses and voluiTe ex-
pansion stresses result in noticea)ile spallation. Studies performed by
Professor J. K. Tien et al. * revealed the formation of a thin protective
layer of a spinel ccuWund (FeO)0.25(Cr2O3)1.75 on the surface of
austenitic stainless steel (like the heated surface in our fire simulator)
at temperatures less than 1500°F (815T). Surface oxidation was very
limited. However,, above 1500°F, the spinel fractured and allowed rapid
oxidation of the underlying chromium depleted iron-nickel alloy, which re-
sulted in far less protective iron-nickel oxides. For ignition of jet fuels
on heated stainless steel, Figure 83, it was noted that a minimum ignition
delay was found at the maximum surface oxide spallation condition, re-
gardless of the air speed over the heated plate surface. Fracture of the
Private communication, later published as part of the "Report from the
Columbia University School of Engineering and Applied Science and Re-
search", #6, June 1973.
b
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oxidation resistant spinel 'ayer was suspected of enhancing the fuel ig-
nition/combustion process via catalytic action, yielding an improved contact
opportunity	 for	 the	 fuel	 on the oxidation prone surface.
	 Subsequent
investigations mandated keeping the heated surface at a temperature just be-
sow the obvious spaliation condition (labelled max T on Figure 83). Ob-
viously, repeated excursions to surface temperatures exceeding 825°C would
result in a surface. chromium depletion, and a hysteres ;,s effect was noted
such that, upon reheating the test surface, higher surfacp temperatures (250
to 75°C higher) were required to ignite the same fuels on a chromium de-
pleted stainless steel surface. This latter effect was suspected of being
caused by the rapid oxidation of the heated surface, followed by the oxides
c obining with silicon (used as SiO2 in extinguishant material flow
agents) to form relatively adherent coatings on the hot surface (T < 8500C).
These coatings nav protected the surface from further rapid oxidation/spal-
lation, as well as interfering with ignition reactions, even after the sur-
face had been cooled and then reheated. These surface accumulations were
rr'-moved via surface sandblasting during the extingu ishant performance c mi-
parison tests.
CHOICE OF TEST SYSTEMS:	 Since the majority of contemporary fire Control
systems use Halons as their working fluid, we have tested four of these
liquid	 systems	 and compared	 their performance directly to gaseous 002
injection systems. The four Halons chosen were those used for fire control
234
l
systems in different countries and different aircraft, and included Halc
1011 (CH2BrCl), 1202 (CF2Br2), 1211 (CF2BrCl), and 1301 (CF3Br).
Our choice of dry chemical agents to test depended on recommendations
from different sources; firstly, systems recommended by data obtained from
the Static Test Assemblage; secondly, systems available commercially
(particularly where they are used for current technology fire control sys-
tems); and thirdly, systems recommended as being particularly effective from
data obtained in a similar dynamic fire test assemblage designed, con-
structed, and operated by the Arthur D. Little Corp. Thus, the dry
chemicals tested included the following materials:
1. Potassium bicarbonate based materials such as the Ansul Corpora-
tion "Purple-K®", and a special high density formulation de-
signated as "Ansul-O".
2. A specially prepared experimental potassium carbonate material
commissioned from the Ansul Corporation, designed to minimize
the hygroscopic properties of K2003 via a judicious blend of
additives.
3. A special potassium bicarbonate-urea condensed polymer (loss of
one water molecule per pair of reactant molecules) with an es-
sentially "carbanate" structure marketed by I.C.I. Ltd. under
their tradename of "Monnex®".
4. A sodium bicarbonate based material marketed by Ansul Corporation.
5. A PyroChem Corporation product based on potassium chloride.
6. A lithium chloride-water eutectic slurry at 0.8/1.0 mole ratio of
LiCl/H20 recd mended by the A. D. Little Corporation.
....
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7. Potassium iodide, recommended both by A. D. Little and the Static
Testing Assemblage Data.
8. Potassium dawsonite based materials, including potassium dawsonite
itsel:",, and this compound doped with 108 w/w of tin iodide, or
potassium iodide, were ^.coommended by Static Testing data.
9. A special formulation of potassium dawsonite containing 108 w/W
B2O3 was recommended from the concept of attempting to provide
adhesion between the powder and the hot surface in the presence of
high local air velocities. Since B2O3 melts at ca. 500°C to
provide a viscous glassy fluid, it was hoped that this would aid
in "sticking" the potassium dawsonite to the hot surface, keeping
it in the presence of the fire, and preventing it from being dis-
lodged from the active zones by >150 ft/sec. air velocities.
10. A special formulation of potassium dawsonite (KD) formed by cal-
cination in the presence of 108 w/w KI was highly recommended by
the Static Testing data,	 and was tested along with other KD
materials.
All powders were tested as received from commercial sources, or as
prepared for static testing (details of powder preparation techniques have
been given earlier).
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PERFORMANCE DATA FOR VARIOUS DRY CHEMICAL.': Performance data for various
crnmercially supplied and synthetic/roagent dry chemical fire extinguishants
are given in Tables 54 to 68. The majority of chemicals were tested at hot
surface temperatures of 800°C, but three compounds (Ansel Corp. K2CO3,
and reagent grade KI and Li2003) were tested at 900°C. The choice of
these three compounds for special testing procedures was made on the recom-
mendation of data from the A. D. Little Corporation Study (for KI and
Li2CO3), and frcm data obtained from the Dynamic Simulator at 800°C
which indicated that Ansul Corporation K2003 was the most effective
agent tested. A hot surface at 900°C provides an extreme test of fire eort-
trol performance (see Static Testing Assemblage data in Section III), al-
lowing easy differentiation between apparently equivalent systems. A sum-
mary of performance data for these materials based on their ability to con-
trol multiple JP-4 fuel fires under conditions of high air-flow (36 m/sec.)
at 800°C, and rank-ordered in the listing according to the minimum mass of
dry chemical needed to extinguish the flames, is given in Table 69. These
data indicate, quite unambiguously, that the commercially prepared K2003
is superior to commercially prepared KHCO3, and slightly better than the
synthetic material obtained by calcining KD with 108 KI. However, this
slightly improved performance for the commercial material can easily bo, ac-
counted for by powder preparation techniques alone, since no special efforts
were made to improve either particle size distribution effects, or bulk den-
sity effects, in our synthetic material.
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TABLE, 54 PERFORMANCE DATA FOR ANSUL CO. "PURPLE-KO" POTASSIUM BICARBONATE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flaw Shot "Knock-Dawn" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 10 No -
20 Yes 1.?
30 Yes >20
16	 10 Close (5) 0.;
20 Yes 6
30 Yes >20
23	 10 Close (5) 0.5
20 Yes >20
30 Yes >20
36	 10 No -
20 Close (5) 0.5
30 Yes 2
40 Yes 10
50 Yes >20
(1) Flow volumes obtained by multiplying by 8.5 x 10 -3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
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TABLE 55 PERFORMANCE DATA FOR ANSUL CO. "ANSUL-X's" POTASSIUM BICARB=TE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow Shot "Knock-Dawn"	 Re-ignition
Velocity Mass observed?	 Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (no'Le 3)	 (note 4)
6 5 C.Iose(5) 0.5
10 Close 1
20 Yes >20
16 10 Nr, -
20 Yas >20
23 10 No -
20 Close 1
30 Yes >20
36 10 No -
20 Close 0.5
30 Yes >20
(1) Flow volumes obtained by multiplying by 8.5 x 10 -3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
Note: All deposits were easily removed by a wire brush at conclusion of
all testing procedures for this compound.
239
TABLE 56 PERFORMANCE DATA FOR ANSUL 00. SODIUM BICARBONATE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flaw Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4
6 10 No -
20 Yes 2
30 Yes >20
16	 10 No -
20 Close(5) 0.5
30 Yes >20
23	 10 No -
20 No -
30 Yes 2
40 Yes >20
36	 10 No -
20 No -
30 No -
40 No -
50 Close 0.5
60 Yes >20
(1) Flow volumes obtained by multiplying by 8.5 x 10-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
Note: At higher air-velocities there are accumulations of powder in
stagnation regions. No flakes or scale appeared to form on the
surface, all deposits were easily removed by brushing.
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TABLE 57 PERFORMANCE DATA FOR ANSUL CEO. POTASSIUM CARBONATE
250 ml/minute JP-4 fuel flaw to multiple ignition sites.
Ambient air (30°C) flaws to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flaw Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 5 No -
7.5 No -
10 No -
20 Yes 2
30 Yes >20
16 5 No -
7.5 No -
10 Yes >20
20 Yes >20
23 5 No -
7.5 No -
10 Yes >20
20 Yes >20
36 5 No -
7.5 Yes >20
10 Yes >20
20 Yes >20
(1)	 Flow volumes obtained by multiplying by 8.5 x 10-3 m3/sec.
(2)	 Ejected with a 1 sec burst of compressed gas at 825 kPa (ca...120 psig).
(3)	 Multiple flame sites (usually 3).
(4)	 Time >20 seconds are essentially infinite in length.
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TABLE 58 PERFORMANCE DATA FOR I.C.I. "MONNEX011 , A aWDENSATION PRODUCT
BETWEEN UREA AND POTASSIUM BICARBONATE *
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition stirface at 800°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (:cote 2) (note 3) (note 4)
6 5 Close(5) 0.5
In Y-:t 2
20 Yes >20
16	 5 Close 0.5
10 Yes Yes
23	 5 No -
10 Close 0.5
20 Yes >20
36	 5 No -
10 No -
20 Yes >20
(1) Flow volumes obtained by multiplying by 8.5 x 10-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 prig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
Note: This agent has a bulk volume that is ca. 10% greater than potassium
b ciar-bonate. Small amounts of scale formation were noted on the hot
surface, and the residue from testing readily absorbed water. Residue
removal was difficult, both on the hot surface, and after cooling to room
temperature.
* Essentially a carbamate structure.
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TABLE 59 PERFORMANCE DATA FOR PYIWiEM CO. POTASSIUM CHWRIDE
250 ml/minute JP-4 fuel flow to multiple ignition Mites.
Ambient air (30°C) flows to heated surface at vs:-ious flow velocities.
Stainless steel {gnit',ori surface at 800°C.
Air-Flow Shot "Knock-Doan" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (dote 2) (note 3) (note 4)
6 5 No -
10 No -
20 No -
30 Close(5) 0.5
16 5 No -
10 No -
20 Close 0.5
30 Yes >20
23 5 No -
10 NO -
20 Yes >20
30 Yes >20
36 5 Db -
10 No -
20 No -
30 No -
40 Close 0.5
50 Yes >20
(1) Flaw volumes obtained by multiplying number by 8.5 x 10-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for an explanation of this term.
Note: After the test sequence, a glassy residue was noticed in all air
stagnation regions on the heated surface. The residue readily dissolved in
water and could be removed from the surface with a wire brush.
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TABLE 60 PERFORMANCE DATA FOR AQUMUS LITHIUM CHWRIDE SWRRIES*
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800 °C.
Air-Flow Shot "Knock-Dawn" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 10 No -
20 No -
30 No -
40 No -
50 No -
60 No -
16 10 No	 -
20 No	 -
60 No	 -
23 10 No	 -
20 No	 -
60 No	 -
36 10 No	 -
20 No	 -
30 No	 -
40 No	 -
50 No	 -
60 No	 -
(1) Flow volumes obtained by multiplying number by 8.5 x 10-3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
Note: A white "cakey" residue remains on all cooler parts of system, none
on hot surface.
* (0.8:1.0 LiCl/H20)
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TABLE 61 PERE°DRMANCE DATA FOR POTA.SSIU,
 MITE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow Shot "Knack-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 5 No -
10 No -
20 Close(5) 0.5
30 Yes >20
16	 5 No	 -
10 No	 -
15 Yes
	 2
20 Yes
	 >20
23	 5 No	 -
10 No	 -
20 No	 -
30 Yes	 >20
36	 5	 No	 -
	
10	 No	 -
	
20	 No	 -
	
30	 Close	 0.5
(1) Flow volumes obtained by multiplying number by 8.5 x 10-3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig).
(3) Multiple flame sites (usually 3).
(401 Time >20 seoonds are essentially infinite in length.
(5) See text for explanation of this term.
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TABLE 6t PERFORMANCE DATA FOR POTASSIUM DAWSONITE CONTAINING
101 w/w B2011 AS A PHYSICAL MIXTURE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flow, to heated surface at various flow velocities.
Stainless steel ignition scrface at 800°C.
	
Air-Flow
	 Mot	 Kno -Down	 Re- gnit on
	Velocity	 Mass
	
observed?	 Delay
	
(m,/sec)
	 (g)	 (seconds)
	
(note 1)	 (note 2)	 (note 3)	 (note 4)
6 5 bb -
10 No -
15 No -
20 Close(5) 0.5
20 (repeat) YPS >20
16 5 No -
10 No -
15 No -
20 Yes >20
23 5 ii.i -
10 No -
15 No -
20 No -
30 Close 0.1
36 10 No -
20 No -
30 No -
30 (repeat) Yes >20
(1) Flow vo?unes obtained by multiplying number by 8.5 x 10-3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Times >20 seconds are essentially inf init-e in length.
(5) See text for explanation of this term.
Note: No visible surface deposits or surface wetting was apparent at 800°C.
On cooling the small glassy remains of 8203 could be seen; these were
very tenacious deposits and extremely difficult to remove, even by vigorous
scraping. Glassy deposits were only really evident when >20g shot-masses
were used.
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(	 TABLE 63 PERFORMANCE DATA FOR POTASSIUM taAWSONITE
OONTAINING 10% w/w TEN IODIDE AS A PHYSICAL MIX'1' =
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30 °C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
5 No
10 Close(5) 0.5
15 Yes 2
15 (repeat) Yes >20
16 5 No -
10 Close 0.5
15 Yes >20
23 5 No -
10 No -
15 Close 0.5
20 Yes >20
36 5 No -
10 No -
15 Close 0.5
20 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10- 3
 m3/sec.
!	 (2) Ejected with a 1 sec burst of compressed gas at 825 kFa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
M'
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TABLE 64 PERFORMANCE DATA FOR POTASSIUM DAWSONITE
OONTAINING 101 w/w POTASSIM. IODIDE AS A PHYSICAL MIXTURE
}
250 ml/minute JP-4 fuel flaw to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
h .	 Stainless steel ignition surface at 800°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 5 No -
10 Close(5) 0.5
15 Yes >20
16 5 No -
10 No -
15 Close 0.5
20 Yes >20
23 5 No -
10 No -
15 No -
20 Yes >20
36 5 No -
10 No -
15 Close 0.5
20 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
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TABLE 65 PERFORMANCE DATA FOR POTASSIUM OAWSONITE CALCINED WITH
109 w/w POTASSIUM IODIDE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 5 No -
10 Close(5) 0.5
15 Yes 1
20 Yes >20
16	 5 No -
10 No -
15 Yes >20
23	 5 No -
10 Close 0.5
10 (repeat) Yes >20
15 Yes >20
36	 5 No -
10 Close 0.5
10 (repeat) Yes >20
15 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10- 3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
Note: Even though material contained significant quantities of KI, no
visible surface deposits of corrosion effects were noted.
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TABLE 66 PERFORMANCE OATA FOR ANSUL CO. POTASSIUM CARBONATE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 900°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 10 No -
20 Close(5) 0.1
30 Close 0.5
16	 10 No	 -
20 No	 -
30 Close	 0.5
23	 10 No	 -
20 Close	 0.5
20 No	 -
30 Close	 0.5
36	 20 No	 -
30 No	 -
40 No	 -
(1) Flow volumes obtained by multiplying number by 8.5 x 10
-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this team.
s
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TABLE 67 PERFORMANCE DATA FOR POTASSIum IODIDE
250 ml/minute JP-4 fuel flaw to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 900°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
N/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 10 No -
20 No -
30 No -
40 Close(5) 0.5
16	 10 No	 -
20 No	 -
30 No	 -
40 Close	 0.1
23	 10 No	 -
20 No	 -
30 No	 -
40 Close	 0.1
36 10 No	 -
20 No	 -
30 No	 -
40 No	 -
(1) Flow volumes obtained by multiplying number by 8.5 x 10 -3
 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
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TABLE 68 PERFORMANCE DATA FOR LITHIUM CARBONATE
t
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flaw velocities.
l	 Stainless steel ignition surface at 900°C.
Air-Flow Shot "Knock-Down" Re-ignition
Velocity Mass observed? Delay
(m/sec) (g) (seconds)
(note 1) (note 2) (note 3) (note 4)
6 10 No -
20 r'a -
30 Close(5) 0.5
40 Close 0.5
16 10 No -
20 No -
30 No -
40 No -
23 10 No -
20 No -
30 No -
40 Close 0.5
36 10 No -
20 No -
30 No -
40 No -
(1) Flow volumes obtained by multiplying number by 8.5 x 10-3 m3/sec.
(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca. 120 psig).
(3) Multiple flame sites (usually 3).
(4) Time >20 seconds are essentially infinite in length.
(5) See text for explanation of this term.
2	 KD • KI Synthetic material*
3	 "Carbamate" I.C.I.	 "MonnexID"
4	 KD + KI Reagents/Synthesis
KD + SnIx ** Reagents/Synthesis
5	 KH003 Ansul "Purple-Ke"
KHCO3 Ansul "X®"
6 KD + B203
7 KD
8 KC1
9 NaHCO3
10 LiCl/H20
Slurry
Reagents/Synthesis
Synthesis
PyroChem Corp.
Ansul Corp.
Reagents
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TABLE 69 RANK-ORDERED LISTING OF DRY CHEMICAL FIRE EXTINGUISHANM ACCORDING
'M THEIR PERFORMANCE IN THE DYNAMIC SIMULAMR FIRE TEST ASSEMBLAGE
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Rank estimated from data in previous tables, and based on the minimum
quantity of material needed to produce "knock-down" at the highest air
flow velocity used for testing.
Rank Material
	
Source	 Mass	 C mments
Needed
(g)
1 K20D3
	
Ansul Corp.	 7.5 Hygroscopic, required >40g
at 900°C, experimental system.
10 Calcined KD with 10% w ; `w KI
15 KHCO3-Urea condensed polymer
17 10% w/w KI mixed with KD
17 10% w/w SnIx mixed with KD
25
25 Special high bulk density
formulation of "Purple-K®"
30 B2C3 added to assist KD
in adhering to heated plate
35
45
55
>60 Recommended by A. D. Little
Corp. at 0.8/1.0 mole ratio
LiCl/H20
X Li2CO3
	
Reagents
	
>40 Only tested at 900°C,
recommended by A.D.Little Co.
Y KI Reagents >40 Only tested at 900°C, recom-
mended by both A.D.Little Co
and Static Testinq Assemblaqe.
* Synthetic materials prepared as indicated in previous section.
** Tin(II) iodide purchased from commercial sources was found to be
significantly contaminated with tin(IV) iodide.
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DISCUSSION OF DRy CHEMICAL PERFORMANCE DATA: An attr pt was made to
quantify the relative agent performances via an Extingushant Effectiveness
Factor, EEF. The EEF was the numerical product of re-ignition delay tire in
seconds; inverse mass of agent injected in grams- 1 ; and an arbftrary
"knock-dawn" factor whose value on a scale of 1 to 10 depended on the
ability to initially knock-down the multipl? flame sites.	 No knock-down
ability was assigned a value of 1, complete knock-down a value of 10, and
what evolved as an "almost" or "close to flame removal" situation was given
a value of 5 for this arbitrary factor.'
The mass injected was controlled at 5, AO, 15, 20, 30, 40, 50, and 60
grams, no attempt was made to make further divisions (e.g. 7 1/2 grams),
hence an "almost" situation evolved when it was generally agreed by ob-
servers that, while 10 grams of agent did not achieve flame knock-down,
flame intensity and/or, visibility was markedly reduced, such that perhaps as
little as an extra gram of agent would have achieved complete flame ;u-rock-
down. In every case the dry chemical injection period was 1 second witt:
dry nitrogen injection pressures of 825 kilopascals (about 120 psig).
With regard to the values calculated for this EEF factor, the longest
observed re-ignition delay would be 20 seconds; the shortest observed
time for momentary loss of visible flame was 0.5 seconds: and a lower bound
* This situation is described as "CLOSE" in all data tables (Tables
36-50), and a corresponding re-ignition delay of either 0.1 or
0.5 seconds appears alongside this descriptive term.
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1	 delay time value for any agent effects at all on the flame (decreased in-
tensity, some visible flame size reduction) was assigned a value of 0.1
seconds. Hence for 5 g of any agent, the maximum EEF calculated would be 40
corresponding to the relationship:
(20 seconds max delay) x (knock-down factor - 10)
EEF -
	
	
- 40
(5 grams injected)
while for a minimally effective agent, a value of 0.02 for our EEF would be
obtained, i.e.:
0.1 seconds min delay x (knock-down factor - 1)
EEF -
	
	
- 0.02
5 grams injected
If a plot is made of EEF values against reciprocal mass needed to control
the multiple JP-4 fuel fires at each air velocity across the plate, then an
observed trend upwards and to the right indicates the more effective fire
control agents. We have taken the mean data for each cogound and plotted
their calculated EEF values against reciprocal minimum mass (in g- 1 ) need-
ed to control the fires set in our Dynamic Testing Assemblage, these data
are shown in Figure 58. What emerges from Figure 58 is a behavior pattern
that emphasizes the desirable features sought in an effective fire extin-
guishant, namely, the ability of a small amount of agent to extinguish and
control (inhibition) multiple location JP-4 fuel fires ignited via a hot
surface.
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FIGURE 58: RELATIVE,  EXTINGUISHANT PERFORMANCE FOR SOME DRY CHEMICALS
TESTED IN THE DYNAMIC FIRE TEST ASSEMBLAGE
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The test program did not involve studies of other factors relevant to a
desirable extinguishant, such as corrosion problems with the agent or its
demiposition products, long term storability and thermal decomposition,
compaction during storage, flaw properties at high and low temperatures,
presssure, and humidity conditions, and any adverse biological effects
attributable to the use of the particular agent at the site of the fire, or
in load ing/servicing any engineering system needed to inject the agent.
Agents which brought about premature failure of the unsheathed chromel-
alumel thermocouple leads heated to incandescence by the initial fire
stream, or left tenacious surface deposits, or residues which made surface
clean up difficult, were noted. Examples were KCl, 	 K2CO3,	 and KHCU3
based agents. on the other hand, a few non-commercial agents, notably some
Dawsonite compounds, were easily brushed off the heated surface after sup-
pressing the controlled fires. Thus, corrosion problems of engine surfaces
will be minimized for these latter reagents. The limited extinguishant
abilities of potassium chloride, and to an even lesser extent potassium
iodide, lithium carbonate, sodium bicarbonate and sodium carbonate, are re-
flected in their low EFF values. At the same time, potassium carbonate,
K2003, appeared to work well at lower values of mass injected; and it is
interesting to note that injecting increased quantites of material did not
enhance the initial excellent fire suppression performance (plateau effect,
similar to that noted in the Static Testing Assemblage). The potassium
bicarbonate based agent, "Ansul Xei , demonstrated a similar trend, whereas
nominally similar chemically based agents, "Purple-K©" and "MonnexesO,
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appeared to function more efficiently at high mass injections. These latter
camnercial extinguishing agents became reference standards of performance
for new formulations.
One of the experimental candidates, Potassium Dawsonite (KD), described
in the earlier sections of this report, showed great promise in the Static
Testing Assemblage although it was considerably less impressive under more
dynamic test conditions. The KD performance was markedly improved by the
addition of small quantities of potassium iodide or tin iodide. The EEF
values for the KD plus tin iodide shown in Figure 84 confirmed its effec-
tiveness as a potential fare control agent. Further, despite the addition
of iodide compounds, the KD agent maintained its overall non-corrosive
performance and relative ease of clean-up of the heated surfaces.
PERFORMANCE CWrA FOR VARIOUS HALCNS: Fire control performance as .measured
by the magnitude of the observed re-ignition delay for Halon 1011, 1202,
1211, and 1301, are gi ,ien in Tables 70, 71, 72, and 73, respectively. For
comparative purposes, similar test data for carbon dioxide are given in
Table 74. We have summarized these data, and rank-ordered the compounds
according to their performance in controlling fires at the highest air
velocities (36 m/sec.), using a combination of minimum mass needed to
extinguish the multiple flame sites and the minimum volume-8 to accomplish
these ends. These data are given in Table 75.
{
TABLE 70 PERFORMANCE rATA FOR Hmm 1011 CH Fix )
258
250 ml/minute JP-4 fuel flaw to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow	 Shot-Mass Size	 "Knock-downs'	 Re-ignition
Velocity	 (note 2)	 Observed?	 Delay (sec)
(m/sec:)	 Vol 3
	 Grams
(note 1)	 Mixtuve
	
Injected	 (note 3)	 (note 4)
6 11.8 38.6 Yes 2
16 6.1 55.6 Yes 1
23 5.3 60.0 Yes >20
36 3.6 60.0 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 3.0-3
 m3/sec.
(2) A 1 second pulse of nitrogen gas used to atomize Halon.
(3) Multiple flame sites (usually 3).
(4) >20 seconds are essentially infinite re- ignition delays.
* Molecular weight 129.4; Boiling Point 67*C; Specific Gravity 1.93.
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TABU 71 PERFORMANCE DATA FOR HAWN 1202 (CF2Br2)*
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless 1 gel ignition surface at 800°C.
Air-Flow	 Shot-Mass Size	 "Knock-down"	 Re-ignition
Velocity	 (note 2)	 Observed?	 Delay (sec)
(m/sec)	 Vol %	 Grams
(note 1)	 Mixture	 Injected	 (note 3)	 (note 4)
6 4.3 21.0 Yes 2
16 1.7 24.5 Yes 1
23 1.6 28.5 Yes >20
36 1.F, 39.9 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10- 3 m3/sec.
(2) A 1 second pulse of nitrogen gas used to atomize Halon.
(3) Multiple flame sites (usually 3).
(4) >20 seconds are essentially inf inite re-ignition delays.
"` Molecular weight 209.8; Boiling Point 24°C; Specific Gravity 2.28.
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TAKE 72 PERFORMANCE DATA FOR HALM 1211. (CF BrCl) *
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flaws to heated surface at various flow velocities.
Stainless steel ignition surface at 8000C.
Air-Flow	 Shot-Mass Size
	
"Knock-dawn"
	
Re-ignition
Velocity	 (note 2)	 Observed?
	
Delay (spc)
(m/sec)	 Vol %	 Grams
(note 1)
	
Mixture
	
Injected	 (note 3)	 (note 4)
6 6.0 24.0 Yes 2
16 2.8 32.0 Yes I
23 2.6 37.0 Yes 1
36 1.9 40.0 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10 -3
 m3/sec.
(2) A 1 second pulse of nitrogen gas used to atomize Halon.
(3) Multiple flame sites (usually 3).
(4) >20 seconds are essentially infinite re-ignition delays.
r	 * Molecular weight 165,4; Boiling Point -3°C; Specific Gravity 1.83.
F+-
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TABLE 73 PERFORMANCE DATA FOR HAWN 1301 (CF^Br) *
250 ml/minute JP-4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow	 Shot-Mass Size	 "Knock-down"	 Re-ignition
Velocity	 (note 2)	 Observed?	 Delay (sec)
(m/sec)
	
Vol %	 Grams
(note 1)	 Mixture	 Injected	 (note 3)	 (note 4)
6	 2.6 8.6 No -
9.5 34.5 Yes 2
15.5 60.0 Yes 3
20.0 83.0 Yes 4
16	 0.9 8.6 No -
3.6 34.5 Yes 2
6.0 60.0 Yes 2
8.2 83.0 Yes 3
23	 0.7 8.6 No -
2.8 34.5 No -
4.7 60.0 Yes >20
6.4 83.0 Yes >20
36	 1.8 34.5 No -
3.2 60.0 Yes >20
4.3 83.0 Yes >20
5.3 104.0 Yes >20
(1) Flow volumes obtained by multiplying number by 8.5 x 10- 3 m3/sec.
(2) A 1 second pulse of nitrogen gas used to atomize Halon.
(3) Multiple flame sites (usually 3).
(4) >20 seconds are essentially infinite re-ignition delays.
Molecular weight 148.9; Boiling Point 72*C; Specific Gravity 1.57.
After continued injection, noticeable scale built up on the hot surface
(probably iron bromide). This Halon is stable to 800 °C.
i^
x.
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TABLE 74 PERFORMANCE DATA FOR CARBON DIOXIDE
250 ml/minute JP--4 fuel flow to multiple ignition sites.
Ambient air (30°C) flows to heated surface at various flow velocities.
Stainless steel ignition surface at 800°C.
Air-Flow
	
Shot--Mass Size
	 "Knock-down"	 Re-ignition
Velocity	 (note 2)	 Observed?	 Delay (sec)
(m/sec)
Vol %	 Grams*
(note 1)	 Mixture	 Injected	 (note 3) *	(note 4)
1.5 50 24.8 Yes
	 -
3 34 24.8 No	 -
6 20 24.8 No	 -
16 10 24.8 No	 -
23 7 24.8 No	 -
36 5 24.8 No	 -
(1) Flow volumes obtained by multiplying number by 8.5 x 10- 3 m3/sec.
(2) A 1 second pulse of nitrogen gas used to atomize Halon.
(3) Multiple flame sites (usually 3).
(4) >20 seconds are essentially infinite re-ignition delays.
*
Continuous injection rate of 24.8 g/sec into flow stream.
Continuous suppression only as long as CO2 gas flow ma,.ntained.
a
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TABLE 75 A RANK-ODE..RED LISTING OF HAIANS ACCORDING M THEIR PERFORMANCE AS
FIRE CONTROL AGENTS IN THE DYNAMIC FIRE 'PEST ASSEMBLAGE
250 ml/minute JP-4 fuel flow to multiple flame sites.
Local air velocities across heated plate surface at 36 m/sec.
Stainless steel hot surface ignition source at 800°C.
Rank	 Material	 Minimum	 Equivalent
Mass	 Minimum
Needed*
	Volume-8
(g)
1 Halon 1202 CF2Br2 25 28
2 Halon 1211 CF2BrCl 40 2.58
3 Halon 1301 CF3Br 60 38
4 Halon 1011 CH2BrC1 60 4.58
Note that CO2 under the same conditions will not extinguish the
flame under conditions of continuous discharge at 25 g/sec.
lilt
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DISCUSSION OF HAWN PERFORMANCE DATA: In general, gaseous agents, or well
atomized liquid Halon extinguishants, demonstrated only slip!:: ability to
prevent re-ignition of the fuel after initial fire knock-down has been
achieved, although knock-down capabilities are good. This reflects directly
the enormous dilution effects caused by the air streams crossing the heated
surface. The agents were injected into the Bowing air stream of the
Simulator, well upstream of the fire sites. As a function of agent con-
tainer pressure, a calibrated quantity of material was delivered to a cyl-
indrical injector pipe whose axis was parallel to the air flow and directed
downstream. Prior to release of ld),e agent, a pulse of nitrogen gas at 700
kPa (100 psi) was used to atomize the liquid agent stream, and allow good
mixing of the agent and nitrogen. Nitrogen flow began 0.2 seconds before
the liquid flow, and continued 0.2 seconds after the agent flow was ter-
minated at the solenoid valve. The quantity of nitrogen gas used did not
have any observable effect by itself on the fire sites. However, a most
interesting effect was noted that involved the magnitude of the nitrogen
atomization pulse pressure and the performance of the various agents.
Specifically, the nitrogen pulse driving pressures varied from 350 to 2000
kPa (50 to 300 psi) and a measurable change in agent performance could be
observed. For 1211 and 1202, the best extingui,shant performance occurred
with an atomization pressure of about 700 kPa to 900 kPa respectively; while
Halons 1011 and 1302 were about 25% more weight effective at about twice
these atomization pulse pressures. On the other hand at higher nitrogen
pressures, 1000 to 2000 kPa, the Halon 1211 weight effectiveness decreased
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by at least 10 to 15%; i.e.	 more agent was required to knock down the
reference fires when the nitrogen pulse pressure was raised to 1500 kPa.
For Halon 1202, a higher nitrogen pulse pressure of about 900 kPa appeared
to be'the most effective for flare knock-down. For even higher atomization
pulse pressures, the weight effectiveness of 1202 then declined, and about
10% more agent was required for established flame knock-down performance.
It had been suggested that the higher the boiling point of the liquid
agent (the boiling points for Halons 1011, 1202, and 1211 are 67°C, 24°C,
and -3°C, respectively), the more atomization pressure is required to dis-
perse the flowing liquid agent. Surface tension effects and viscosity
variations probably enter the picture as well. Also, it was believed agent
droplet size should be considered in greater detail. Observations of the
free jet of Halon 1211 and the atomizing pulse of nitrogen gas at 700 kPa,
shows that the jet plume contains visible droplets, mists and agent-vapor.
The "throw" capability of this mixture was 3 to 4 meters. Here a measure of
agent "throw" was to observe droplets impinge and then evaporate from a flat
black surface. At 1500 kPa, the free jet of agent and nitrogen was much
more vigorous, well-mixed, and vaporized. However, no droplets were
observed and the "throw" has decreased considerably (about 1 meter or so).
For Halon 1011, the result of increasing the atomization pressure from 700
to 2000 kPa, was to provide a better. agent/nitrogen mixture, while
maintaining a good proportion of droplets that yielded longer "throw" values
at higher pressures unlike the behavior of Halon 1211 or to a lesser extent,
Halon 1202.
I	 .
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Fran a dynamic fire point of view, an extinguishing agent vapor has much
less chancy: of penetration into the boundary layer where fuel and air are
being combusted, than has a higher momentum-carrying
 droplet. The droplet
then serves as a mechanism to transport the agent into the active combustion
zone, where ensuing vapors can now interfere with the flame processes. With
stratification of a fuel vapor/air mixture burning on a hot surface, the ex-
tinguishing agent vapor alone has little probability of penetration into the
burning
 zone. Agent vapors are transported by the air stream beyond the
fire zones, where they serve no purpose. At the same time, if agent
atomization is poor, the presence of droplets that are too large results in
more rapid initial fall out of the agent from the fire air supply stream,
and at the fire sites, discontinuous bombardment of the combustion zone.
These locally scattered high agent-vapor concentrations are only partially
successful in interfering with the flame chemistry and soon the combustion
processes will have vigorously re-established themselves over the entire
burning surface. The need for additional weight (more than twice the weight
of 1202) of Halon 1301 agent (boiling point - 60°C with a rccm temperature
vapor pressure of about 3300 kPa) appears to substantiate the need to have
some droplets capable of pentrating the flame boundary layers in order to
interfere with flame radical chemistry.
Each liquid extinguishant appears to have an optimum pressure for
injection/atomization, that results in a good distribution of droplet sizes
in the fire air supply stream for maximum weight effectiveness. For a
dynamic fire, we conclude it is possible to apply a liquid agent such as
Halon 1211 too vigorously, i.e. use of too high an injection pressure or use
7
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of injection nozzles that promote too fine a particle atomization. As in
the case of Halon 1011 0 too little mechanical atomization resmilted in less
than maximum performance.
Halon 1011 which is a simple liquid at room temperature, was injected
under pressure into the test section and finely atomized and dispersed by a
simultaneous pulse of nitrogen gas. About 50 to 100% more Halon 1011 agent
was required to perform the same fire extinguishing tasks as Halon 1211. In
a few cases where Halon 1011 failed to knock down the vigorously burning
multiple fires, it was suspected that some of the decomposition products
from this Halon were capable of flashing and burning. An aluminum cowling,
which had survived numerous hours of operational burning in the simulator,
partially melted during what was suspected to be a unique instance of some
additional energy release in the combustion zone.
For general reference purposes only, CO2 was also tested in the
Dynamic Fire Assemblage. It is important to note the difference in injec-
tion techniques for CO2 conpared to that adopted as a standard procedure
for Halon application in the Facility.	 The CO2 was injected continr..mousl
such that the pre-determined concentration of CO2 and air by volume was
reached at the fire site. Air speeds were low. Even at 30% volume mixture
Of CO2 and air, the multiple fire sites continued to burn vigorously. At
40 to 50% OD2/air concentrations, the fire could be knocked down and sup-
pressed only as long as the high CO2 flaw rate was maintained. The CO2
capability is contrasted with, for example, Halon 1211 performance, wherein
much smaller quantities of agent in a single injection creates a short plug
of mixture in the flow stream that, upon reaching the fire sites, promptly
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knocks down the flames. As the agent concentration rapidly dropped with the
(
passing of the plug, the fire registers a slight delay, and then re-ignites.
However, it may be assumed that the fire would remain suppressed if, upon
achieving knock-down, the 1211 agent continued to be injected even in rather
small concentrations. This suggests that for a fixed weight of ex-
tinguishant, more effective fire control could be achieved with a series of
pulses of agent injection rather than a single massive injection as is now
the case in aircraft nacelle fires. The same method used to determine an
extingaishant efficiency factor (EEF) for the Dry Chemicals was applied to
the Halon agents and the mean results plotted in Figure 59.
SUMMARY OF DYNAMIC TESTING DATA: , Data obtained clearly indicate the super-
iority of the calcined KD • KI dry chemical fire extinguishant synthesized
by us, exhibiting, both excellent knock-down performance ard good inhibition
effects, confirming the Static Testing Assemblage data for this compound.
Also, addition of an arbitrarily chosen "sticking" agent (in an attempt to
counteract the severe scouring effects of high local air speeds across the
heated plate surface) did seem to show some merit, in that 108 0203
added to potassium dawsonite was judged to be slightly more effective than
KD alone. Similarly unambiguous evidence indicates that Halon 1202 is more
effective than the other 3 Halons tested. However, even though knock-down
capabilities are excellent for these Halons, the severe volume dilution
effects intrinsic to gaseous and/or liquid systems under conditions of high
local air velocities, allows virtually no inhibition capability, and re-
ignition delay times are minimal in all cases.
F
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VI. DISCUSSION AND CONCLUSIONS
PROPERTIES NEEDED FOR EFFECTIVE FIRE CORML: The intrinsic properties of
gaseous and liquid fire control agents make them quite unsuitable for
situations involving high air flow velocities due to the consequent dilution
effects that operate. Thus, dry chemical systems, p.•ovided that they can be
localized to the actual scene of the fire, provide a viable alternative.
Since it is believed that the effective dry chemical agents act to control
fire via chemical mechanisms and not via physical effects, the fire control
process is a molecular one (chemical scavenging and interference with chain
propagation processes). The chemical system of choice has to satisfy
several. criteria, which we find convenient W classify tinder two major sub-
divisions, the Passive Phase, and the Active Phase, in fi re control.
Passive Phase Criteria for Dry Chemical Fi re Extinguishants: Mandatorily,
the dry chemical system has to be formulated and then loaded into some form
of discharge mechanism. It is probable that the chemical system will remain
in this stored state for a long period prior to discharge and subsequent
use. These facets of formulation/loading, storage, and discharge comprise
the so-called Passive Phase of the fire control process, and necessarily
involve severe restrictions on the choice of chemical system to be used.
1. The chemical should be easily available, or capable of synthesis by
a single stage process, in order to satisfy ecor ►omic restraints.
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2. The chemical should be "processable" with respect to grinding,
sieving, and optimization of bulk density, particle size distribution, and
flow properties.
3.- The chemical should be non-toxic, or of minimum toxicity, to enable
all steps in the processing and subsequent loading into an engineering sys-
tem to be accomplished safely, both at the chemical synthesis plant, and
locally at the extinguishant system site (aircraft engine nacelle).
4. The chemical should be non-corrosive to the engineering system that
will deliver it to the fire, so that apecial handling apparatus or specially
lined containers and hoses are avoided.
5. Storage of the chemical prior to use mandates that the chemical sys-
tem shall not:
5.1. Lase or gain weight significantly; thus precluding hygroscopic (water
absorption) and efflorescent (water loss) solids, solids that react with
water or air, sci ds that react with other components contained in them
(matrix carrier reactions with solute dcpants), and in particular, gas
evolution shall be virtually non-existent.
5.2 The material chosen has to be of limited volatility to obviate vapor
pressure changes with ambient temperature.
5.3 The material chosen has to be thermodynamically and kinetically stable
with respect to chemical change to temperatures of 260°C, which is postulat-
ed as the maximum probable temperature of any storage environment of a nor-
mally operating engine nacelle of advanced aircraft. Less stringently, the
chem f ,al system nest be stable darn to -55°C, corresponding to the lowest
probable ambient temperature of an engine nacelle in a parked aircraft.
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5.4 The cht..;ical solid, after grinding/sieving/loading operations has to be
capable of being discharged via a conpressed gas ejection system, inplying
E
	
	
that they powder will not cake, or throttle any discharge orifice (flow
properties).
6. The dry powder also has to be engineered to provide dispersion over
the target region (?article size distribution), sufficient penetration
(trajectory aspects and bulk density) to reach the seat of the ignition
process, and still retain fluid properties (powder packing phenomena) to al-
low complete discharge from the reservoir container.
Active Phase Criteria for try Chemical Eire Extinguishants: The dry ponder
chemical fire extinguishant must provide two major properties, initial fire
"knock-down", and long term inhibition. It is recognized that these two
properties may be mutually exclusive as a worst case, and probably indepen-
dent properties at best. It is probable that chemical fire suppression oc-
curs via a scavenger intermediate derived from the extinguishant, this
specie (or species) breaks the fire propagation chain that characterizes
hydrocarbon oxidation equilibrium we recognize as the flame and /or ex-
plosion. When the concentration of this scavenger (or scavenger set)
reaches a critical minima value, the fire can no longer propagate. When
the extinguishant has been consumed ("exhaustion"), the concentration of
this scavenger falls below the critical minimum value, and the flame
re-ignites. If the extinguishant provides large concentrations of this
scavenger early on, then rapid "knock-down" will occur, but the
y
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extinguishant will be consumed rapidly and? soon exhausted. However, if the
extinguishant degrades slowly to give only small concentrations of this ac-
`' tive scavenger, then the concentration will be maintained for long periods,
the re-ignition process will not occur till the extinguishant has been ex-
hausted, aM long re-ignition delays will be observed. dote carefully, how-
ever, that if the extinguishant degrades so slowly that the concentration of
active scavenger is small, even though this concentation exceeds the criti-
cal minimum needed to extinguish the flame, the initial "knock-down"
capability may be so impaired as to be non-observable. Of course, con-
centration levels that do not even reach this critical value will produce
neither knock-down nor inhibition. These effects will be severely ag-
gravated by high air velocities and severe volume dilution effects con-
sequent upon this factor, and concentrations of scavenger species may exceed
this critical minimum on ar, averaged basis, but yet local and/or momentary
concentration fluctuations will negate either or both of the "knock-down"
and inhibition functions.
In addition to these two primary functions, other properties may become
important. One such property is the ability of the dry powder to adhere to
smooth hot surfaces scoured by up to 50 m/sec local air velocities. Hence
it may be necessary to induce some degree of "stickiness" in the powder via
another minority compound.
To retard the degradation of the extinguishant species that provides the
active scavenger, particularly at high temperatures, the matrix carrier
should possess good thermal conductivity and an endothermic pyrolysis mode.
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It would also help if the degradation p. ,Wucts from the mat
fire control agents, by producing additional scavengers (chemical control),
or by producing an inert gas blanket such as CO2 (physical control), or by
being highly endothermic and providing local temperature quenching effects
(endothermic physical changes such as crystal decrepitation and crystal
phase changes). From a practical standpoint, the majority degradation
product from the system following pyrolysis should also be easy to cleA.1 up,
and not cause severe corrosion of hot :surfaces exposed to the dry chemical
agent. Thus, powders that decompose to strongly acidic/basic products with
deliquescent or hygroscopic properties will cause severe damage to exposed
surfaces.
CRITERIA FOR FIRE ODWROL PERFORMANCE: We find it convenient to classify
fires into two types: Type I fires, typified by forest fires and dwelling
fires, begin by an unspecified event and would burn until either their fuel
supply is exhausted, or they are -xtinguished (deliberately or accident-
ally). In particular, once extinguished, they are not expected to re-ignite
spontaneously," since no continuous ignition source is present. Type II
fires, typified by fuel fires in an engine compartment, are initiated by an
ignition source which is present continuously, would re-ignite spontar
eously if extinguished, and will continue to re-ignite after extinguishment
as long as both fuel and ignition source remain. An obvious criterion of
effectiveness for a fire control  agent for Type I fires is "weight
efficiency", where the smaller the quantity of agent needed to extinguish a
ff 3
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specified fire,	 the	 "better" the	 agent	 ( "only	 milligrams	 needed to
extingalsh a forest fire",	 and an "index of performance" related to the
quotient "exothermicity controlled/mass needed"). This is not a meaningful
criterion for 'type II fires, and it is suggested that the longer an agent
can keep a flame extinguished in the presence of both ignition source and
fuel supply the "better" the agent. Beyond this basic criterion, weight ef-
ficiency factors can also be incorporated into an overall "index of perform-
ance" defined in terms of the quotient:
(Re-ignition delay induced) (exothermicity of fire controlled)
(mass needed to induce delay)
These factors are summarized schematically in Figure 60.
SUITABILITY OF SYSTEMS TESTED: The rigorous storage requirements delineated
in Table 1 allow us to eliminate all but two species from consideration.
These two acceptable systems are potassium dawsonite (KD) containing various
percentage compositions of potassium iodide as simple physical mixtures
(KD+KI), and potassium dawsonite calcined with KI (KD.KI). * The calcined
solid appears to have a slightly better performance (as measured from the
re-ignition delay induced in a standard fire). Moreover, since potassium
dawsonite must be synthesized in the first place, and the most attractive
* A marginally acceptable system could substitute sodium dawsonite as the
major component in oil shale, and some solid sludges from water processing
plants) for potassium dawsonite, but this will only satisfy current current
storage requirements. However, economically, this may be an attractive
alternate to the special synthetic preparation of the potassium analog.
W"
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"Knock- down" Ability
1. RAPID PRODUCTION OF FIRE CONTROL SPECIES
2. RAPID DISPERSAL OF SPECIES THROUGHOUT FIRE ZONE
3. WEIGHT EFFECTIVE FIRE CONTROL PROPERTIES
it Inhibition"Characteristics
1. RETENTION OF FIRE CONTROL SPECIES IN FIRE ZONE ITSELF
2. CONTINUOUS GENERATION OF CONTROL SPECIES IN FIRE ZONE
3. MAINTENANCE OF CRITICAL MINIMUM CONCENTRATION OF FIRE
CONTROL SPECIES IN THE FIRE ZONE ITSELr
FIRE CONTROL BY
CHEMICAL AGENTS
Stability Under Storage
1, NON-VOLATILE, NON-HYGROSCOPIC, NON-EFFLORESCENT
2. CHEMICALLY INERT AT LOW TEMPERATURES (<260'C)
3. PHYSICALLY INERT AT LOW TEMPERATURES (< 260'C)
4. NON-CORROSIVE TO STORAGE SYSTEM
Discharge Behavior
1. OPTIMIZATION OF BULK DENSITY, PARTICLE, SIZE, AND
FLOW AGENT ADDITIVES, FOR NON-CAKING, NON-THROTTLING
EASY FLOW 'CHARACTERISTICS ON DISCHARGE
2. "THROW" PROPERTIES FOR TRANSPORT TO FIRE ZONE
3. "PENETRATION" PROPERTIES TO REACH SEAT OF FIRE
4. NON-TOXIC OR MINIMUM TOXICITY UNDER FORMULATION,
LOADING, AND DISCHARGE PHASES OF OPERATION
FIGURE 60: A SC2iD1XrIC REPRESEI1rATICN OF THE CRITF RTA NEEDED FOR AN
EFFECTIVE DRY CHEMICAL FIRE EVrINGUISHANr SYSTEM
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synthetic method utilizes calcination, it is recommended that synthesis of
C
KD be accomplished via calcination in the presence of KI directly in one
step. The final product, calcined KD.KI , exhibited superior fire control
performance ii , , both the static assemblage and the dynamic assemblage. This
system also fulfills the other ancillary requirements involving minimum
toxicity, easy clean-up after use, non-corrosive properties* (particularly
to magnesium/aluminum alloy engine casings prevalent in aircraft, and which
are particularly prone to damage by caustic chemicals derived from Na or K
compounds such as M003 which degrade to oxide/hydroxide species), and
easy synthetic availability.
It is pertinent to comment on some of the other systems tested, both
from the viewpoint of data from the static assemblage, and from the com-
plementary information available from the Dynamic Assemblage.
Firstly, the concept of an additive designed to "localize" the dry
powder to the scene of the fire in the presence of high velocity air flows
is worth a brief comment. We selected arbitrarily to use a material known
to form a viscous liquid (glass) at the temperatures expected in the fire
zone (500-90,0 10C),
   and chose 8203 as a preliminary experimental system.
Data clearly indicated that B203 had virtually no fire fighting ability
of its own and the static testing procedure also indicated that it reduced
However, note that the end product after use is probably aluminum
oxide, which possesses extreme crystal "hardness", and thus could
cause severe physical damage to reciprocating/rotating surfaces.
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the efficacy of KD when added at 10% try weight (a pure dilution effect,
similar to the simple additive effects seen for K2SO4 and SnIx mix-
tures). However, dynamic assemblage experimental data did conErm the
slightly better performance expected for KD + B2O3 when high air veloci-
ties scoured the heated plate surface. Other nigh temperature "adhesive"
aunts can be postulated, and would be worth investigating, the most obvious
examples are high temperature asphalts/tars, or synthetic organic or in-
organic non- flammable polymeric materials. It should be noted that addition
of these "sticky" agents to the chemical system immediately negates criteria
associated w9'.,h ease of clean-up operations, and may perpetrate high temp-
erature corrosion effects.
Tin iodide as an additive may be dismissed quite summarily. It is a
volatile system intrinsically, and all physical mixtures regardi`ss of the
matrix carrier fail 'to fulfill the storage requirements (high volatility,
corrosive, temperature instabilities at 120°C aria above), Further, a solid
phase reaction occurs between the additive (SnIx) and carbonate carriers
such as the dawsonites, resulting in 002 release, which is significant at
ambient temperatures of 40*C, and very rapid above 100°C. Finally,.calcina-
tion of SnIx with KD results in formation of KI, and merely provides an
expensive method of preparing KI from these two precursors (SnIx and KD)!
The I.C.I. Ltd. product "Monnexa", although producing excellent re-
salts in the Dynamic phase of testing, did not satisfy the advanced storage
requirements, and did suffer the disadvantages associated with high tem-
perature corrosivity and par*icu'.arly poor "clean-up" operations.
t`
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experimentally formulated and commercially supplied K2003 powder
offered high performance in both the static and dynamic apparatus, better
than the corresponding KHCO3 --%pounds. However, high temperature
performance was poor (phase change effects), and the inherent hygroscopic
character could mevely be reduced, and not Eliminated, thus obviating use in
humid atmospheres.
Although Al203 mixtures with KI (calcined and simple mixtures) ex-
hibited superior performance in the static phase, dynamic testing did not
confirm this promise. Similarly, Al(OH)3 and A1OCH carriers .lid not prove
to be superior, 	 to KD.
Sodium dawsonite (Nan) mixtures with iodides did offer excellent
performance in the static testing sequences, but NaD itself will not satisfy
the advanced storage requirements. However, commercial sources are avail-
able (liquid phase solution precipitation reactions to provide a low density
powder used for antacids such as "rums®"; precipitated sludges from water
treatment plants utilizing alumina flocculation and pH-carbonation control;
bulk component in U.S./Canada oil shale residues).
COMMENTS ON PO'T'ENTIAL IODIDE DOPED SYSTEMS: Our data provide unambiguous
evidence for the efficacy of iodide loaded dry chemical systems, and it ap-
pears that the prime matrix carrier of choice is KD. However, the choice of
iodide dopant is more diverse. Our choice of KI was dictated by economic/
availability reasons, and by the fact that NaI is strongly hygroscopic. An
equally valid choice would be LiI. In addition to these aspects, prima-
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facie reasoning would seem to indicate that the weaker the metal-iodine
bond, the greater the available iodine concentration that might be prapa-
gated into the vapor phase, and thus the greater the degree of interference
that might ensue -mong the flame reactions. However, KI is strongly ionic
(as too is LiI), and the concept of bond strength is a pcx r one when ionic
bonds are considered. Of the covalent halides that exist, particularly the
iodides, tin salts offered the best compromise between cationic toxicity
(eliminating lead and mercury) and weakness of bond (Sn-Cl at ca. 76
kcals/mole, Sn-Br ate, ca. 47 kcals/male, and Sn-I at ca. 40 kcals/rmle).
Thus, tin iodide was our second choice for an iodide dopant (it has already
been noted that multi-valent metals seemed to possess antioxidant proper-
ties, and that tetra--butyl tin was used as an antoxidant polymer stabili-
zer). A third choice, not tested, was cadmium iodide, since bond strengths
are even lower for cadmium than for tin (Cd-Cl at ca. 50 kcals/mole, Cd-Br
at ca. 38 kcals/mole, and Cd-I at only 33 kcals/mole). However, cadmium is
toxic to the extent that the U.S. Environmental Protection Agency (EPA)
restricts levels of Cd in drinking water to 10 ppb (parts per billion),
c,Tpared to lead metal at 50 ppb, and mercury to 2 ppb. Although the
relative weight effectiveness for iodine content for a fixed iodide salt
content reduces in the order SnIx > CdI2 > KI, potassium iodide is
biologically acceptable at low levels, and is only toxic from the iodide
anionic content at relatively high concentrations.
Based on the efficacy of iodide dopants, it might be useful to examine
other ways of incorporating iodine into a dry chemical, and other potential
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systems that might be suggested include the following:
1. iodine (as I2) held in a suitable molecular sieve as a true clath-
rate or inclusion cwplex; or a molecular sieve loaded with 4131 or
CF31-
2. Preparation of a "coated" carrier (rather than the calcined approach
used) using a volatile solvent held iodide slurry (KI in methanol, or from a
solubility viewpoint, LiI in methanol/ethanol) to coat a finely ground
precipitate of matrix carrier (KD) which is insoluble in the solvent, and
subsequent removal of the solvent by freeze drying or vacuum-pumping. This
process is analogous to the preparation of stationary phase coatings for ,,LC
column preparation.
3. Use of an iodide loaded anion exchange resin as an additive. It is
possible that the anion exchange resin could provide the third cogvnent
postulated to provide "adhesive" qualities to the powder at high temp-
eratures in high air flaw situations.
4. Use of high molecular weight quaternary ammonium iodides as ad-
ditives, either directly, or as bound entities to silica gel or alumina.
Technology is now available for the formulation of anion exchange granules
whose majority component is a ceramic or silica material.
CONCLUSIONS: In general, no single component system offers fire control
ability that is acceptable, KD alone is the only marginal system that even
remotely provides potential control capability and satisfies the delineated
storage requirements. Equally, dynamic testing of some Talons merely served
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to confirm previously stated shortcomings inherent to gaseous and liquid
system$, and their performance was generally inferior- to dry chemicals.
Since 
-002 provided virtually no fire control capability either, indicating
that physical quenching effects are unimportant relative to chemical
scavenger effects, it is clear that the Halons inhibit by interacting
chemically with the flame, and do not merely "blanket" the combustion proc-
ess by displacing the oxid&nt from the combustion zone. In the light o'; the
data fram iodine doping, it is probable that an iodine containing Halon will
prove even more effective than Halon 1202. Howver, the excellent
"knock-down" capabilities of Halon 120: (a function of the rapid dispersal
through the fire zone, and the ease of pyrolysis to provide a fide control
agent in large concentration) can be usefully employed to augment the lesser
knock-down capability of dry chemicals which, in general, possess superior
inhibition control properties. Use of Halon 1202 as the discharge driver
gas for a calcined KD • KI dry powder extinguishant (with or without some
"sticky" agent such as 8200 would seem to offer a logical approach for
real simulations of engine nacelle firer scenarios.
Finally, it is further suggested that one of the Halons could be used in
an auxilliary fire detection role. Since many fire warning/detection sys-
tems suffer shortcomings due to a multiplicity of invalid alarms (parti-
cularly prevalent in engine nacelles where ambient temperatures are already
high), it is suggested that Small quantities of a suitable Halon be injected
i
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upstream of the p:)tentiaal fire zone', and a simple halide detector (HBO
be mounted beyond the fire zone in one of the many inert downstream sites.
A fire would produce breakdown products from the Halon that could not be
produced by a mere hot surface at normal engine surface/nacelle operating
temperatures. Thus, any indication of HBr formation would be accepted as a
true "fire% and not a false alarm. This indication could be used to trig-
ger the main extinguishment system.automatically, or a visual and/or audible
warning. Since C-I bonds are weaker than C-Br bonds, an iodine containing
Won would provide greater sensitivity in conjunction with an HI detector.
It would be possible to utilize either a continuous flux of Halon
fram a reservoir with several millilitres per minute flow rite of
gaseous component, or pulsed injection at pre -set time intervals.
For example, a 10 ml/minute continuous Halon flow rote from a 1
gallon liquid pressurized container would provide approximately
1n,000 hours of operating time.
s
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VI I. RECOMMENMTIONS FOR FUTURE WORK
1. This program has already shown that some commercial dry chemical
fire bxtinguishants have a greater weight effectivenesse in suppressing hot
surface initiated fuel fires than the gaseous or liquid Halons currently in
use. Therefore, the tailoring and development of dry powder delivery sys-
tems, using eitt►er stored pressur#a or explosive gas generation, and which
meets the requirements given in Table 1, should be undertaken.
2. If this improved fire control capability is confirmed in the larger
scale dynamic facility currently being built at WPAFB, then a more detailed
program to, develop the presently non-commercial chemicals described in this
Report should be initiated as well.
3. The concept that fire control occurs through the agency of competi-
tive chemical reactions between the flame propagation species and the inter-
fering scavengers supplied by the extinguishant has been around for more
than 40 years. However, it cannot answer why the effectiveness of potas-
sium compounds seems to exceed that of corresponding sodium compounds, and
there are other similar anomalies that need further elucidation. It is
suggested that a new academic involvement in flame chemistry and flame
control be initiated.
4. Extensive time was spent reviewing  directly relevant, and less
directly relevant materiels, culled frori many government reports and con-
tracted research publications. It would be appropriate to engage a faculty
member experienced in writing a text to review all of this literature, and
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others, and make clear what has been done before in the field of fire con -
trol. This would have the additional benefit of making some of the more ob-
scure'reports and publications more easily available in the general litera-
ture.
In the light of these data presented in this Report, obtained from both
Static and Dynamic Testing procedures, it appears that iodide doped sodium
and potassium dawsonites offer the most promise for fire control in high
velocity air streams. We recommend that the following aspects be considered
further,:
5. Carry out scaled up testing procedures for dawsonite/iodide mixes.
6. Determine the effects of bulk density, particle size, and physical
characteristics of the dry chemical powder, on the performance of the dry
powder system in the Dynamic Simulator.
7. Advance the current kinetic model for ignition delay phenomena.
8. Initiate basics studies into the strategies for volatility control of
halogen additives, in order to provide controlled concentrations of an ac-
tive agent over long time periods.
9. Perform fundamental studies using thermogravimetric analysis tech-
niquras, mass spectrometry, electron spin resonance spectrometry, and product
analyses via GC and GLC, to ascertain the identities of the active species
that control flame propagation from the more efficient dry chemicaal powder
extinguishant systems.
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10. Attention is re-directed to the comments given in Section VI, pages
279 through 283 of this R%ort concerning other potential iodide doped sys-
tems,'and to the use of multi-component system to effect initial flame
knock-down, long term flame control, and localization of the dry chemical
agent to the flame region via a "sticky" additive.
Finally, it is also recommended that the U.S. Department of the Interior
be alerted W the possibility of using sodium or potassium dawsonite sys-
tems, with or without iodide doping, to aid in the control of forest fires.
It is envisaged here that a massive ;;Work-down capability will be needed,
rather than long term control of the flame. This is probably a property
that is more closely attuned to the behaviour of tin iodide doped systems
than those derived from potassium iodide. However,: it is clearly demon-
strated that single component dawsonite systems, and those systems doped
with iodide, are vastly more efficient in controlling flammable situations
than are the ammonium phosphate systems currently in use for forest fire
control.
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Most of the experimental work reported herein was performed by Profes-
sors A. C. Ling and L. A. Mayer, of San Jose State University, together
with their students, Jim Douglass, Bob Phegley, Lloyd MacPherson, Don Mag-
arian, Tamarak Pandhumosoporn, Edward Chichester, and Hugh Gotts. The
majority of the experimental work was conducted at the facilities of the
Chemical Research Projects Office of NASA-Acres Research Center, with
equipment provided by both San Jose State University and by NASA-Ames
Research Center.
The experimental development and data collection tasks involving the
Dynamic Fire Simulator Facility, and investigations of extinguishing agent
behavior, were performed by Professsor Donald J. Myronuk and his student
research assistants, Louis Salerno, Victor Karpenko, Richard Sandkuhle,
Steve Lamb, and Jay Robison. The hardware contributions of the San Jose
State Engineering Research and Development Machine Shop supervised by Arthur
Cooper, Clark Roessler, and Raymond Brindos were significant in the produc-
tion of a reliably performing Dynamic Fire Simulation Facility. Especially
invaluable in the many phases of this investigation were the sincere guid-
ance, discussion, and suggestions of key NASA-Ames Research Personnel,
Richard Fish of the Chemical Research Projects Office (CRPO) and Salvatore
Riccitiello formerly with CRPO.
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